




Modern 

Organic Chemistry 


BY 

CHARLES ALEXANDER KEANE, D.Sc., Ph.D., F.T.G 

PwiNcn'AL, ANn Hkad of thb Cmrmistrv Dcparthbkt, 

The Sir John Cass Technical iNsrirure, London. 


WITH TWENry^NlNE FfCVKKS /.V THE TEXT, 


Condon and feUins-on-CFne: 

THE WALTER SCOTT PUBLISHING CO., LTD. 

1905^ 




PREFACE. 


In a letter to Berzelius in J837 Wohler, in describing ihe 
condition of organic chemistry, says — “ It seems to me 
like the tropicii^l forest primicval, full of the strangest 
growths, an endless and pathless thicket, in which a man 
may well dread to wander.’* 

During the long period tha*^ has elapsed since these 
words were written, this branch of chemistry has changed 
to one of the most thoroughly investigated and systematic 
of sciences, but its development has been associated with 
so much technical detail, both in language and in method, 
that Wohler’s words still express the view of 
readers and workers in other sciences on the organic*' 
chemistry of to-day. 

The causes that contribute to this opit^ion are not far 
to seek. The necessity of separating the study of carbon 
compounds from that of the other elements, which has 
arisen purely for the sake of convenience, and which led 
to the division of chemistry into organic and inorganic, 
has tended to relegate the former to the position of a 
branch of the science which is reserved for the specialist. 
This division is in many respects unreal and disadvan- 
tageous; it has, to a considerable extent, had the effect of 
robbing organic chemistry of its true position as an 
intrinsic part of chemical science as a whole, a position 
which it fully merits on account of its important con- 
tributions to chemical theory and to technology. 

Further, the very technical character of the language 
of organic chemistry has undoubtedly proved a barrier to 
its more general study on the part of many who would 



VI 


PREFACE. 


Otherwise have followed its wide-reaching developments 
with interest. The existence of such a barrier must 
to some extent be admitted^ but it is far less formid- 
able than is generally imagined. Owing to the im- 
portance attached in this branch of chemistry to the 
study of what is termed the “structure*^ of compounds, 
the elementary principles of the subject appear somewhat 
more complex than those of inorganic chemistry; they 
can, however, be acquired with a little careful study, and 
the apparently intricate formulae and nomenclature then 
become helpful, systematic and explanatory. In short, 
the language Is easily learnt, and with this knowledge the 
full story of organic chemistry is open to all. 

There can be but few workers in science to whom 
organic chemistry is not of importance or even of direct 
value. The physiologist, the biologist and the medical 
practitioner are continually concerned with substances 
and processes that are included in the domain of organic 
chemistry, whilst the physicist, the engineer, and the 
geologist are brought into touch with organic compounds 
both in practice and in research. In view of the many 
applications and materials of organic chemistry that 
enter into the daily life of the individual the subject is 
one that should also appeal to the general reader of 
science, and especially so because its field of study is so 
closely concerned with the fundamental .substances and 
processes of life. 

It is with the object of making some knowledge of 
organic chemistry accessible to students of other sciences 
and to the general reader, that this volume has been 
written. No attempt has been made to make it a com- 
plete survey of the progress of the science; the scope of 
organic chemistry is far too wide to allow of any approach 
to this within the limits of a small volume, and many 
subjects of interest and importance have, of necessity, 
been omitted. The aim has been restricted to recording 
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some of the methods and problems of organic chemistry 
and to giving some account of the lines along which its 
present scientific and technical importance has developed. 
The work is, therefore, in no sense a text-book, but 
rather the complement of one, and the plan of treatment 
is, in many respects, entirely different from that which is 
best adapted to the systematic study of the science. 

In order to render the subject matter as easy of ap- 
proach as possible every attempt has been made to render 
the stepping stones to the general principles and techni- 
calities of organic chemistry clear and concise, and to 
illustrate the methods and applications of the science by 
simple aud typical examples. It is impossible to give a 
satisfactory account of the subject without recourse to 
formuhe and occasionally to long names, but in mitigation 
of the number of ‘^strangest growths’* that may appear 
to overburden the pages at times it may be stated that a 
special effort has been made to arrange the material dealt 
with in such a way that the same examples have been 
made use of, as far as practicable, as the basis for the 
discussion of the various problems brought under con- 
sideration. 

It is accordingly hoped that the contents will be access- 
ible to all who have at some lime or other acquired a 
knowledge of elementary chemistry; also, that some of 
the later and more special chapters may prove helpful to 
students of chemistry. Reference to the ordinary text- 
books of organic chemistry will supply others with the 
technical details omitted, or only touched upon, in the 
book. 

A chapter on “ The I-aboratory Methods of Organic 
Chemistry" has been included, which may serve to give 
an insight into the ways and means employed in the 
practice of organic chemistry. 

The choice of references has been restricted to what 
' may be regarded as the classical investigations in the 



Vlll 


PKliFACE. 


science and lo modern work and discoveries of general 
importance; a number of quotations from the former 
are given which may add the factor of a personal 
interest in those who have laid the foundation stones of 
this branch of chemistry. 

I desire to record my debt of thanks to those who have 
helped me in this attempt to tell something of the present 
field of modern organic chemistry. These are due to 
Dr. A. N. Meldrum, who very kindly read through the 
whole of the manuscript and who gave much valuable 
criticism, and to Dr. R. C. Farmer for his help and 
suggestions in the revision of the proofs ; also to Prof. 
Sydney Young, F.R.S., and Prof. F. E. Francis, who 
revised the chapters on *‘The melting point and boiling 
point of organic compounds” and “Isomeric change 
and dynamic isomerism,” respectively. I have further 
pleasure in thanking Messrs. Baird & Tatlock and 
Messrs. Archibald Constable & Co. for the loan of blocks. 

CHARLES A. KEANE. 

IX^NDON, 

/anuaty 1909 . 
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MODERN ORGANIC CHEMISTRY. 


CIlAl'TER I. 

iiiF nisiORu \L i)r\n.or\fi.Nr or oroanic ciikmiptry. 

'I’hc fountlalion of Oi^anu Chcinistiy as a science — The scope of 
modern Oj^Mnic Chemisliv— The divibion of chemistry 
into Organic and Ino’ganic in lofcrcnce to the historical 
development of Orgt.nic Chemibtiy— The “vital force" 
diaiinclion— The synthesis of oigaiiiC compounds— Organic 
Chemistry tiiC chemistry of the carbon compounds. 

Although a distinction hac^ been drawn between organic 
and inorganic chemistry as Sarly as the latter half of the 
seventeenth century, practically no progress w^as made in 
the study of organic compounds until the nineteenth 
century; indeed, the scientific foundation of the subject 
can, with full justice to the work of the previous years, 
be dated from 1832, when Liebig and Wohler published 
their classical memoir Invesiigafions on the Radical of 
Benaoic Acidi^ Their *nvn introductory words are the 
b^st evidence of the value and originality of their work. 
“Wc may congratulate ourselves,” they say, “if we 
succeed in clearing a narrow path through the dark 
domain of organic nature, which appears to us as one of 
the avenues which may perhaps lead to the true method of 
investigating and knowing this region, although we are 
well aware of its illimitable extent. Nor, indeed, can we 
as yet reasonably expect to arrive at any very profound or 

, \ “Untcrsuchungen uelier das Radical dcr Bcnzocsailre," Liebig and 
wShler. Afina/cHt 1832, iii., 249. Republished 1891, Oslwald’s Kluanktr 
\iercxA£Un IViisenichnfim, Na 22. 
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wide gfencralisations, owing* to the absence of previous 
investigations, as well as to the difilculty of obtaining the 
necessary materials. We ask you to regard the following 
experiments from this standpoint; as far as their extent 
and connection with other blanches of investigation is 
concerned, they leave a wide and fiuitful field for lesearch.” 

In this investigation it was proved that oil of bitter 
almonds, bcn/oic acid, and a number of compounds 
obtained from them may all be reg'ardcd as containing a 
group of atoms which made the recognition of their 
mutual relationship possible. This group, or Ziisam- 
^ncnga^etzler Griivd&loff'^ as it was called, placed the part 
of an element; it was the characteristic constituent of a 
series of compounds. Owing to its compound nature (it 
contains carbon, hydrogen, and oxygen) it was icgarded 
as a compound radicaL 

A new era in organic chemistry was awakened by this 
work. Although numerous compounds derived directly or 
indirectly from the animal and vegetable kingdoms were 
previously known and their composition ascertained, their 
relation one to another was in no way understood. Their 
relative complexity, as compared with the compounds 
found in mineral or inorganip, chemistry, had been recog- 
nised some fifty years before by Lavoisier, and some 
attempt hiid been made, especially by Berzelius, to show 
the relationship of their constituent parts. But such 
relations were essentially hypothetical, they were not 
based on experiment. The great advance marked by 
Liebig and Wohler’s work wjis that they founded their 
theoretical conclusions on experimental data. 

A clear insight of the genealogy of one group of sub- 
stances having been once obtained, it was not long before 
similar relationships were discovered amongst other, 
already well-known compounds. Dumas and Liebig suc- 
ceeded in showing that many groups of organic compounds 
were characterised by containing the same groups of 
atoms or radicals, and thus much of the accumulated 
experimental material of organic chemistry was brought 
into line and systematised. These radicals came to be 
regarded as so characteristic of organic compounds that 
it was at one time proposed to deline organic chemistry as 
“the chemistry of the compound radicals.” 
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Both from a theoretical and from an experimental 
standpoint the researches of Liebig and Wohler gave an 
immense stimulus to the study of organic chemistry. The 
“field for research” opened out by their investigations 
has proved “wide and fruitfid” far beyond anythinpf these 
founders of the science could have hoped for. l‘hc growth 
of organic chemistry has been extraordinary ; and although 
a specialised branch dealing with the compounds of but 
few elements, it now occupies more attention amongst 
investigators than the whole of inorganic chemistry. 

Its growth has not consisted merely in the preparation of 
a vast number of more or less complex compounds ; it has 
been far more than this. Definite relationships between 
the numerous groups of substances have been thoroughly 
studied; the variations' in physical and physiological pro- 
perties that accompany changes in the chemical luiturc of 
subsiances have been worked out, so that despite the 
immense number of compounds that arc now included 
under the head of organic chemistry, the subject rests on 
a thoroughly systematic basis. The stepping-stones that 
lead up from Mie simple*- to the more complex substances 
are gradual and well defined, and the accuracy of this 
knowledge has .added many new and important truths to 
the whole range of chemical science. 

Organic chemistry supplied the facts on which the right 
interpretation of the relation of atoms and molecules was 
founded, some fifty years ago. About the same lime 
Frankland and Kekul»i established the all-important doctrine 
.of the valency of the elements from the study of organic 
compounds, and within the last twenty-five years organic 
chemistry has especially developed a knowledge of the 
spatial arrangement of the atoms of molecules. 

The developments of organic chemistry have brought it 
into close contact with many kindred sciences. Physiology 
and pharmacology, biology, pathology, and forensic medi- 
cine have recognised organic chemistry as an indispensable 
helpmate, whilst in return they have pointed out many new 
fields of work. Such work is still in its infancy ; it is work 
lying chiefly on the borderland of two sciences, and is 
likely to be best developed by the combined efforts of 
workers in the correlated subjects. 

Applied science also is largely indebted to organic 
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chemistry- The aniline colour industry, fermentation in- 
dustries, the manufacture of soap, candles, and explosives, 
of many medicines and foods are founded upon and have 
been developed by the study of orj^anic chemistry. In all 
these industries pure and applied science have worked 
together most successfully to their mutual advantage. 

Such is the field of n\odern organic chemistry, one of 
far-reaching irjflucnce and great promise, full of life and 
vigour, and destined to reveal its full share of the workings 
of Nature. 

The Division of Chcjnistry into Orf^ayiic and Inorganic^ 
in reference to the Historical Development of Organic 
Chemistry . classification of chemical substances 
according to their origin from “the three kingdoms of 
Nature” is first met with in Nicolas I -emery's famous Conrs 
de Chyynicy a book which passed through thirteen editions, 
and which was translated into no fewer than five languages. 
It ,was published in 1675. Lemery's classification, which 
was generally accepted by the chemists of the phlogi.ston 
period, consisted of the following three divisions; — 

1. Mineral Substances .— as metals, minerals, earths, 
and stones. 

2. Vegetable Substances. —Such as plants, resins, gums, 
fruits, juices, and honey. 

3. Afiimal Substapices , — Such as various parts of the 
animal body and excrements. 

No fundamental differences or similarities were re- 
cognised amongst the members of these three groups, but 
Becher (1635-82) pointed out that, whilst the same 
elements occurred in the three divisions, they were com- 
bined with each other in a simpler manner in the ca.se|of 
mineral substances than in animal and vegetable products, 
and Stahl (1660-1734) clearly recognised the preponderance 
of what he called the “aqueous and combustible principles” 
(hydrogen and carbon) in the two latter groups. 

Towards the close of the eighteenth century, and after 
Lavoisier had overthrown the treasured phlogi.ston theory 
of his predecessors, a number of substances of vegetable 
and animal origin were prepared. Scheele (1742-86) 
Isolated and dlstlngvilshcd many of the commoner organic 
acids, and by the decomposition of oils and fats obtained 
glycerine, “Scheele’s sweet principle.*^ Rouelle (1703-70) 
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investigated several animal products and discovered, 
amongst other substances, urea and hippuric acid. 

Lavoisier (1743-94) directed his attention to these new 
compounds. He first recognised the necessity of finding 
out what their constituent elements wetc, and of in- 
vestigating their relationship to the then more completely 
understood mineral products, which included many sub- 
stances prepared in the laboratory. He found that three 
elements, carbon, hydrogen, and oxygen, were the essential 
constituents of vegetable products, and that these same 
three elements, generally; accompanied by nitrogen and 
sometimes by phosphorus and sulphur, were characteristic 
of all substances of animal origin. It was recognised 
later ^ that other elements could enter into organic com- 
pounds, but carbon always formed an essential part of 
such compounds. Further, Lavoisier realised the greater 
complexity of animal and vegetable as compared with 
mineral products; but most important of all, he recognised 
the fact that the general laws of chemical combination 
were equally applicable to all the three groups. His 
classical investigation on the fermentation of sugar showed 
that the quantity of alcohol and of carbon dioxide formed 
was regulated by the amount of sugar decomposed, just 
as when he heated mercury in the air the quantity of oxide 
of mercury formed depended upon the volume of air 
present. From analysis he found that these vegetable 
and animal prod\icts were definite and unvarying in their 
composition, and he proved by direct experiment that in 
the changes they undergo there is a simple quantitative 
relation.shtp to their decomposition products. 

Berzelius (1779-1848), the great Swedish chemist whose 
classical determinations of t^e atomic weights of many of 
the elements still rank amongst the standard values, 
greatly improved the methods for the analysis of sub- 
stances of organic origin — j’.c., the methods for the 
determination of carbon, hydrogen, and nitrogen. His 
numerous analyses, especially of the salts of organic acids, 
entirely confirmed Lavoisier’s earlier views, and proved 
that both in their composition and in the products of their 
decomposition these substances followed the fundamental 
laws of chemical combination. He also showed that 
^ Gmelin, flandbach der CAcmie, 1S48, iv. 3. 
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organic compounds, like inorganic, obeyed the law of 
multiple proportions, and, therefore, that their composi- 
tion rested equally securely on the atomic theory of 
chemical compounds. 

The similarity of the compounds derived from the 
vegetable and animal kingdoms, especially in respect to 
the elements composing them, led in the early years of last 
century to the division of chemical compounds into in- 
organic and organic. This division was, however, not 
worked out in any detail, and at first no definite mark of 
distinction separated the two groups. Indeed, as late as 
1817 Gmelin stated in his handbook that ''the difFcrence 
is one that could be more easily felt than defined it had 
evidently no scientific basis. But very shortly afterwards 
a sharp line was drawn between the two groups, both by 
Gmelin and by Ber^selius. They pointed out that whereas 
inorganic compounds could be built up in the laboratory 
from their constituent elements, this was not possible with 
organic substances. These latter were believed to be a 
product of Nature; natural forces alone could lead to their 
formation, and to call these forces into play was entirely 
beyond the powers of the chemist. This idea of a 
force remained the barrier between organic and inorganic 
substance.s for many years. It has fallen now, but it held 
its ground for a long time, yielding only to an ever-growing 
army of well-ascertained facts. In 1776 Schcele had 
obtained oxalic acid by oxidising sugar, and Doebereiner 
prepared formic acid from tartaric acid in 1822 ; but the first 
attack to receive the general attention of chemists came in 
1828, when Wohler prepared urea from ammonium cyanatc, 
a substance regarded as essentially inorganic, although it 
had not then been prepared from its elements. Since, how- 
ever, urea is very easily decomposed into carbon dioxide and 
ammonia, it was argued that although a product of animal 
metabolism, it was not a typical organic substance, and 
that the preparation of the more complex and strictly 
organic compounds was still impossible. In the same year 
Hcnnell* showed that alcohol could be ^prepared from 
olefiant gas (ethylene), and this discovery must share with 
that of Wohler the distinction of being one of the first 
instances of the preparation of an organic compound in 
^ PhiL Trans, f 1828, p. 365, 



HISTORICAL DliVELOPMENT. 


7 


the laboratory. At the time, however, alcohol was not 
looked upon as a vital product in the same sense as urea, 
.and Henncirs discovery did not, in consequence, arouse 
the same interest as that of Wohler; nor has it received 
full acknowledgment until recently.^ In neither instance 
were the products obtained built up ab initio from the 
constituent elements, for Henncll started from ethylene 
prepared by the action of heat upon oil, and the ammonium 
cyanate used by Wohler was derived from a cyanide pre- 
pared from nitrogenous organic matter ; in this respect 
the two preparations st5\nd on an equality, but they are 
both to be regarded as amongst the first proofs that 
organic products, like inorganic, could he prepared in the 
laboratory. 

In 1845 Kolbe prepared acetic acid by a somewhat com- 
plex reaction from carbon bisulphide and chlorine, and by 
i860, when Berthelot published his Chimie organique 
fondle sur la Synthese^ this building up, or synthesis^ of 
organic compounds had completely demolished the old 
distinction between the two branches of chemistry. Such 
syntheses are no longer restricted to the more simple 
substances, such as ethylene, alcohol, or formic acid, 
which Berthelot prepared by simple and direct processes 
from the constituent elements; complex compounds like 
alizarin, the colouring matter of madder, indigo, grape 
sugar, and even some of the complex vegetable alka- 
loids, such as conine, piperine and nicotine, have been 
prepared by purely synthetical reactions. There are 
certainly still many substances in the vegetable and 
animal kingdoms which so far have defied the on- 
slaughts of the organic chemist, but what has been 
accomplished is the surest indication that these too must 
sooner or later yield their secrete The first step in such 
work is to ascertain the products which can be obtained 
by carefully breaking down the complex substances into 
simpler compounds, and thus to find out the way in which 
their molecules are built up; their synthetical preparation 
then soon follows, and sufficient has been done in this 
direction to point to the probability of synthetical methods 
for the preparation of compounds like quinine, morphine, 
and glucosidcs being fairly within sight. Methods for the 
* CA Meldola, Briihh Msmatim Ki'l^rls^ iSy5, p. 649. 
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investig^ation of far more complex products, such as 
proteins and ptomaines, are as yet comparatively in' 
their infancy, but a promising beginning has been made, 
although much work is undoubtedly necessary before their 
preparation in the laboratory is likely to be realised; 
such realisations, however, require advances probably 
neither greater in kind nor in degree than those already 
achieved.^ 

The Synthesis of Organic Compounds , — Whilst the syn- 
thesis of organic compounds has entirely overthrown the 
old idea of a “ vital force,” it is important to bear in mind 
that the methods employed for the building up in the 
laboratory of the compounds obtained from Nature are 
not necessarily those followed by Nature herself. The 
laboratory processes at present known are, in fact, seldom 
if ever identical with those that occur in plants and 
animals, and one of the widest and most important fields 
of inquiry that still awaits investigation is the study of the 
sequence of changes that result in the natural formation of 
animal and vegetable products. It may be that life is 
necessary for the production of compounds as they are 
produced by Nature, and that such natural synthesis is 
in consequence dependent upon a vital force. This has 
yet to be proved or disproved, but at present the old idea of 
a vital force, with a more restricted meaning, is still a 
characteristic of naturally occurring organic compounds, 
though it is no longer one which can separate organic from 
inorganic chemistry, “ Natural syntheses” are character- 
ised by the fact that they take place at the. ordinary 
temperature ; also it is to be recognised that vital products 
may be the result either of a building up, or up-grade 
synthesis from simpler materials, or of a breaking down or 

* Literature on the history of organic chemistry: — 

Schorlemmer, The Rise and Development of Ornank Chemishy, 
Revised i)y SmilhcHs; 1S94. 

E. von Meyer, Ilhiory of Chemistry. Translated I>y M'Gow.nn. 
Third edition ; 1906. 

Kopp, Gesehiektc der Chemie ; 1S43 47. linhouhehuv* dci Chemh in 
def' mueren Zeiti 1873. 

Kekule, Lchrbtich der or^atiischen Chemic ; 1859. 

Ladenburg, Lectures on the History of the Dcvehpment of Chemistry 
since the time of t^voisier, Translatetl from the second German 
edition by Ixonnrd Dobbin; 1900. 
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down-grade synthesis from more complex molecules.^ To 
%)9at extent such b?o-chemical changes can be imitated in 
the laboratory by purely chemical methods remains to be 
established ; it is very probable that the chemist can learn 
much of their nature by calling to his aid either life itself, 
or the more immediate products of life in the study of 
chemical changes. Some work has already been done in 
this direction, and an indication of its value is afforded by 
the fact that certain up-grade syntheses can be effected by 
means of enzymes, which are not at present possible with 
ordinary chemical reageats.'-^ 

Organic Chemistry the Chemistry of the Carbov Com- 
pounds , — The old line of demarcation between organic and 
inorganic chemistry having been thus removed, the 
difficulty of defining the province of the former again 
appeared. The fact that the same laws obtain amongst 
organic and inorganic compounds — that is, that the same 
forces are concerned in the building up of their molecules 
from the elements — being clearly recognised, no scientific 
basis for a division was apparent. The division appeared 
then, as it does now, essentially one of convenience. 
Probably the main reason why the study of organic 
chemistry has been held so distinct from that of inorganic 
chemistry is that the two branches appeal, to a great 
extent, to different classes of workers in technological 
fields— inorganic chemistry to those who are concerned 
with the so-called “heavy chemicals” (alkalis, mineral 
acid.s, and salts, and with metallurgy, etc.), and organic 
chemistry to those dealing w'ith the manufacture of such 
products as dyes, essences, etc. P'rom this purely utili- 
tarian standpoint there is much to be said for the separation 
of the two branches. 

It is unnecessary to discuss in any detail the various 
definitions of organic chemistry that succeeded each other 
after the fall of the “ vital force” distinction. The fact that 
the element carbon is the essential constituent of all 
organic compounds led very soon to the definition of 
organic chemistry as “the chemistry of the carbon com- 
pounds,” and it was clearly stated in the leading text- 
books of the middle of last century that the necessity 

’ Cf, McMola, The Chcmhal Synthesis of Vital ProJucts^ vol. i. ; 1904. 

* Cf. Cli.ipter xiii. p. 352. 
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of trcatinj^ organic compounds separately arises from 
the large number and importance of the carbon com- 
pounds and of the necessity of a division of labour in the 
interest of scientific research, and not from any difference 
that exists between organic and inorganic compounds 
“either in their component materials, in the forces which 
hold these materials together, or in the number and the 
mode of grouping of their atoms. 

Although tins is the view held to-day, the definition is 
somewhat lacking in accuracy, since certain simple carbon 
compounds, such as carbon dioxide and such derivatives 
as marble, magnesite, and other carbonates naturally fall 
in the domain of inorganic or mineral chemistry. Other 
derivatives of carbonic acid, however, such as urea and 
carbamic acid, are equally characteristic organic com- 
pounds. There is really no line to be drawn here; “it 
is better felt than defined,” as Gmelin said ninety years 
ago. The necessity for a division lies essentially in the 
number and in the special characteristics of organic com- 
pounds. These latter demand, not only special theoretical 
considerations, but also special methods of practical mani- 
pulation in their study. Compared with the compounds 
of other elements, those of Ccarboii are characteristically 
unstable. They are with few exceptions decomposed 
by high temperatures, such as inorganic compounds are 
able to with.>tand without decomposition. U is doubtless 
this feature which causes one intuitively to class the 
metallic carbonates amongst the inorganic compounds, 
although they are so clo.seIy allied to certain of the 
organic compounds. The large number of the carbon 
compounds and the variety of ways in which the atoms 
are linked together have necessitated the development of 
special methods for the actual laboratory work connected 
with their investigation, and with the help of these it has 
been possible to obtain a special insight into the structure 
of organic compounds. 

In the case of most inorganic compounds one has to be 
content to know the nature and relative number of the 
atoms present ; for instance, one substance, and only one, 
having the composition of potassium permanganate or of 
phosphoric acid is known. In organic chemistry this docs 
^ Kckule, Lchrbuih dey ori;a$Uichm Chunie^ Vol. 1 . p. ii; 1S51. 
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not sulFicc. To use an analogy, suppose a wall be built 
of red, white and blue bricks, as representing three 
elements, and that there are nine red, ten white, and three 
blue bricks. Were these to represent carbon, hydrogen, 
and oxygen respectively, what the organic chemist has to 
tlnd out, and is able to find out, is not only the number 
and nature of the bricks, but also the way in which they are 
arranged relatively to each other. At present he has 
discovered examples of eighty-two ways in which these 
twenty-two bricks can be arranged; he has a number 
more to find out, biitsat least he has the means of dis- 
tinguishing eighty-two different patterns. 

Except in so far as the inorganic chemist has been able 
to adopt something of the methods of organic chemistry — 
and this adaptation has been as yet very limited — he has in 
most cases to be satisfied with a knowledge of the number 
and nature of his bricks; he knows what the wall is 
made of, but he cannot read its pattern. Inorganic com- 
pounds of the same composition, but diftcring in the 
relative arrangement of the constituent elements, are 
scarcely known as yet. New methods of investigation 
may at any moment place the inorganic clicmist on a level 
with the organic chemist in this respect, but at present he 
is behindhand. 

These indications are sufficient to show the necessity 
for separating the study of the chemistry of the carbon 
compounds from that of the other elements. The definition 
of organic chemistry as “the chemistry of the hydrocarbons 
and their derivatives*’ proposed by Schorlemmer appeals 
to one as exact and fitting in consideration of the im- 
portance of the hydrocarbons, which are the mother 
substances of all organic compounds. But on examina- 
tion it is no improvement on the previous definition, 
because all carbon compounds can be derived from the 
hydrocarbons. Organic chemistry is therefore best and 
most simply defined as “the chemistry of the carbon 
compounds.” 



CHAPTER n. 


THK STKUCTUKK OF ORGANIC COMPOUNDS. 

Carbon and hydro^^en the fundamental elements of organic 
compounds— Empirical and molecular formula — The Uadiral 
theory— The theory of Types — Valency and the Linking of 
Atoms — Isomerism — The structure of hydrocarbons ; the 
law of the Linking of Atoms. 

Of the eighty known elements, three only are concerned in 
the building up of the majority of the carbon compounds — 
namely, carbon, hydrogen, and oxygen. Apart from these, 
nitrogen is the most frequent constituent, and as was long 
ago observed, phosphorus and sulphur occasionally occur 
in animal products. In the laboratory it is possible to 
introduce many of the other elements into organic com- 
pounds. Carbon is the characteristic constituent of 
them all, and its compounds with hydrogen, oxygen, 
and nitrogen, either separately or conjointly, are more 
numerous than those of all the other elements put together. 
The question at once arises, how is it that so many com- 
pounds can be built up from so few elements? The main 
reason is that carbon possesses in an extraordinary degree 
the capacity of combining with itself. It is accordingly 
possible to obtain compounds in which a large number 
of carbon atoms are linked together, either in the form of 
a chain (which may be cither continuous or branched) or 
of a ring, or of an almost infinite variety of combinations 
of rings and chains. Thus, compounds arc known in 
which as many as sixty carbon atoms arc directly united 
to each other. Since other atoms are attached to each of 
the carbon atom.s in these chains or rings which form the 
nuclei of the organic compounds, it is readily seen that an 
almost infinite multiplicity of compounds may result. As 
far as is known at present, other elements share this 
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property of linkinjij with themselves only in a minor 
degree, and thus their power of forming compounds is 
much more limited. 

Empirical and Molecular Fonnulw, -To arrive at a 
Kiu>wleJge of the elementary composition of any com- 
pound is the first step towards ascertaining its chemical 

nature or constitution. It is first necessary to find out the 
elements of which it consists and the lelative proportions 
of these elements. Since the number of elements present 
is almost always restricted to the few mentioned above, 
standard methods of analysis have been devised which 
arc applicable to the great majority of organic com- 
pounds. This forms an instance of the difference in 
the practical methods which are applied in inorganic and 
organic chemistry respectively. In the former, a large 
variety of analytical methods is necessary, according to 
the elements present and the separations to be effected; 
in the latter the procedure is almost always identical. 
From analysis the simplest expression of the ratio of the 
atoms is arrived at, which is repre.sented by what is known 
as an empirical formula^ such as CH^O. This means that 
the substance consists of carbon, hydrogen, and oxygen, 
and that there are two atoms of hydrogen in proportion to 
every one of carbon and of oxygen present. But such a 
formula does not necessarily show the actual number of 
atoms present in the molecule, for the latter may be repre- 
sented by any simple multiple of the above. Thus the 
compound may equally well be QHjoO^, 

etc., and compounds of each of these formulaj are 
known. A compound which has the empirical formula 
CHyO by analysis must have the composition (CHj,0)m 
where n is a whole number. The next step is therefore to 
find which of these formula is the true one. Analytical 
determinations cannot decide this point, but there are 
several physical methods by means of which the size of 
a molecule (the value of «) can be ascertained. Formerly 
this could only be effected with substances which could be 
boiled without decomposition, by ascertaining the density 
of their vapour, a method based on Avogadro^s hypothesis 
(i8ii) that “equal Volumes of all gases under the same 
conditions of temperature and pressure contain an equal 
number of molecules." This limitation has been removed 
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as an outcome of the researches of Pfeffer, Raoult, van’t 
HofF, and Ostwald (1877 shown that 

the laws relating to the properties of gases apply also to 
dissolved substances in dilute solution, or that “solutions 
of different substances in the same solvent, which contain 
an equal luiinber of molecules of the dissolved substance 
in one and the same quantity of the solvent, have the same 
osmotic pressure, vapour pressure, boiling point and 
freezing point.” The practical application of this relation 
for the determination of the molecular weights of dissolved 
substances has been of great service. The commonest 
laboratory methods consist in the determination of the 
depression of the freezing point or of the rise in the boiling 
point of a solvent by the introduction of the compound the 
molecular weight of which is to be determined. Since the 
rise of the boiling point or the lowering of the freezing point 
brought about by a given amount of any dissolved sub- 
stance is inversely proportional to the molecular weight, it 
is a simple matter to find the molecular weight of a com- 
pound under investigation by comparing its effect with that 
of a compound of known molecular weight. 

These methods are of wide application and yield sufli- 
ciently accurate results ; a considerable number of solvents, 
such as acetic acid, ether, alcohol, and phenol, arc avail- 
able, so that it is usually possible to find a suitable 
solvent for most substances. Water is not applicable in 
the majority of cases, owing to the dissociation of the 
dissolved substances which frequently occurs in aqueous 
solution; also benzene and some other liquids are not 
reliable because many substances exist in the form of 
double molecules in these solvents. Further, an obvious 
precaution is to choose a solvent which has no chemical 
action upon the substance under investigation. The 
determinations are readily carried out, and are in common 
use in modern research. 

With the help of these methods the molecular formula 
is ascertained, as distinguished from the empirical formula. 
Thus, in the above instance it is possible to decide between 
the formulse CH^O, C2H4O2, CgH^Og, etc., and to find out 
how ma^ atoms are actually present in the molecule. 

The Theories of ** Radicals*' and ** Types ,*' — It was 
stated in the previcHi.s chapter that no less than eighty-two 
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.substances are known, each consisting^ of nine atoms of 
carbon, ten of hydrogen, and three of oxygen, and having 
therefore the empirical formula This is also 

tlieir molecular formula. The number and kind of atoms 
present in each of these compounds is identical. In tlio 
early history of organic chemistry it was looked upon as a 
remarkable phenomenon tliat more tlian one compound 
should have the same elementary composition. After 
what has been said as to the property of carbon atoms of 
combining with one another in a great variety of ways, it 
will not be surprising that compounds should be found 
which are identical in composition but different in 
“structure.** To use the former analogy, the pattern 
of the wall may be different, although the bricks used are 
the same. The chief and most difficult work of the organic 
chemist is to elucidate this pattern. 

Liebig and Wohler’s investigation on “The radical of 
benzoic acid ” Jed to the first attempts to obtain an insight 
into what is now termed the consiltufwu or sinicture of 
organic compounds, and soon developed to the Theory of 
Radicals, Oil of bitter almonds (henzaldcbyde) w’as shown 
to have the formula on oxidation it forms an acid, 

CyH,^02, from which a substance, C-H^OCl, wa.s prepared, 
which could easily be converted into the original com- 
pound, oil of bitter almonds. In these three substances:- - 

C-H^O. Oil of bitter almonds, 

ChH^O.,. Benzoic add, 

C7H5OCI. Benzoyl chloride, 

one group of atoms remains unchanged in their passages 
from one into the other — the group CyHr, 0 , called Benzoyl,^ 
In oil of bitter almonds it is united to an atom of hydrogen, 
in benzoic acid to one of hydrogen and one of oxygen, 
and in the third compound -^benzoyl chloride — to one of 
chlorine, thus: — 

C^H.O.H. Oil of hitter almonds. 

C^H ^O.OH. Benzoic acid. 

CyH^O.CI. Benzoyl chloride. 

This same group was found to be present in many 
derivatives of all three substances; it was called the 

* The ending from ^17, stuff or matter. 
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radical of benzoic acid, and the term compound radical 
was given to such a group of atoms, which by their re- 
maining unchanged throughout a series of compounds 
r'eally played the part of elements. Cyanogen, a com- 
pound of carbon and nitrogen, discovered by Gay fAissac 
in 1815,’ was recognised by Liebig as a characteristic 
compound radical on account of the many closely related 
compounds known in which these two elements occur 
combined, as in cyanogen itself. In Liebig’s own words 
(1838) — “Cyanogen is a radical because it is the never- 
varying constituent of a series of compounds ; because it 
can be replaced in these by simple bodies; because in its 
combinations with a simple body the latter can be separated 
and replaced by equivalents of other simple bodies. Of 
these* three chief characteristics of a compound radical, 
two at least must be fulfilled ere it can be regarded as a 
compound radical,” 

This definition of Liebig’s still holds good, but a know- 
ledge of tlie radical in a group of allied compounds is not 
in itself sufficient to establish the constitutional formula of 
a substance. It was chiefly valuable as the first stepping- 
stone towards a knowledge of the structure of a molecule. 
Liebig and his followers regarded it as ample, and their 
ideas led to an active search for such unvarying atomic 
groupings in many series of organic compounds, a search 
which illuminated many dark corners of organic chemistry. 
It is impossible to over-estimate the stimulus given to 
research by these ideas, and their value still exists, but 
they are not sufficiently far-reaching. For instance, to 
return to the radical densoyl, the characteristic group of 
atoms in the three compounds referred to above. The 
same compounds contain another grouping of six carbon 
and five hydrogen atoms, which is equally characteristic of 
them all: — 

C,,Hr,.CHO. Oil of bitter almonds, 

C,Ih^^.C 02U. Benzoic acid, 

C,jH.,COCl. Benzoyl chloride^ 

This group or^^radical is now known as the Phenyl 
group, and just like benzoyl is an unchanging constituent 

* Ann, Chim, Phys,^ 1815, xcv. 136. 
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of these and many allied compounds. Which then is their 
true radical, benzoyl or phenyl? It depends upon the 
reactions or changes considered. In certain chemical 
reactions the benzoyl group remains intact, in others 
it is destroyed and the phenyl group remains. In fact 
the latter is part of the former, and consequently the 
more permanent throughout a series of changes. 

This is suihcient to show that the knowledge of the 
composition of the radical in a group of compounds 
enables the chemist to obtain an insight into their re- 
lationship, but it ddes not go beyond this. The same 
radicals were found to occur in compounds of entirely 
different chemical character; these were brought under 
a common head by the radical theory, but the relation- 
ships of compounds of similar chemical character remained 
masked until Dumas’ Theory of Types (1839) — which was 
especially developed by Gerhardt (1853) — received the 
support of the experimental investigations of Hofmann, 
Williamson, and Wurtz. This was the second great step 
towards understanding the constitution of organic com- 
pounds. The type theory followed as a consequence of 
the discovery by Dumas^ that the hydrogen atoms in 
acetic acid could be successively replaced by chlorine 
atoms giving rise to compounds very similar to acetic 
acid in their general properties. The character of organic 
compounds thus appeared to depend rather upon the 
arrangement of their constituent atoms than upon the 
actual radicals present. 

According to the type theory, the structure of all organic 
compounds was compared with that of certain simple, 
typical inorganic substances. ^ In the start four simple 
types were selected: hydrogen, hydrochloric acid, water, 
and ammonia: — 


H) 

HI 

Hi 


\ 


[0 

H^N, 

Hj 

Clj 

H 

h) 


Hydrogen. Hydrochloric Acid. Water. Ammonia. 

The benzoyl compounds built up on these types would 
be arranged thus: — 


> Amahn^ 1839 , xxxii. lOf. 
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BcnzalJchydc. 



liL'nzoylchloride. Bcn/oic Aciil. 


N. 


CtH.O] 

11 
H 

IkMuainiitc. 


These relationships are in themselves no extension of 
those indicated by the radical theory. Their chief value 
lies in the fact that they bringf compounds which are 
similar in chemical character under the same heading^. 
Thus, the analogy of benzamide, built up on the ammonia 
type, with aniline, ethylamine, and the other organic 
ammonias discovered by Hofmann and Wurtz became 


apparent. 






CoH,.] 

C,H, 0 ] 

H N 

H -N 

H -N 

HVN 

Hj 

h] 

H 1 

nf 

Ammonia. 

Ethylamine. 

Aniline. 

Henzamide. 

Similarly, Williamson, in 

1850, showed that the alcohols 

and their ethers could be referred to the 7 vaier type. In 

the former 

one, in the latter two atoms of hydrogen are 

replaced by the organic radicals: — 



CHJ 



•0 

“0 

[0 


h] 

» ) 

H j 


Water. 

Methyl Alcohol. 

Klhyi Alcoliul. 

Ethyl Ether. 


Corresponding relationships amongst many other groups 
of compounds, built up on the several types, became 
evident, and lent valuable aid not only in understanding 
these analogies, but also in pointing the way successfully 
for the preparation of new compounds. Other and more 
complex types were added, and for quite ten years (1848 
to 1858) the theory of types in combination with the radical 
theory was the basis for all investigations. 

This combination was largely due to Gcrhardl, who 
in addition gave a modified interpretation to the term 
“radical,*^ one which soon supplanted the old view, and 
remains still in use. Radicals, according to Gerhardt, are 
the groups of atoms which remain unchanged throughout 
a series of reactions, which fulfil indeed the actual condi*^ 
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lions laid down by but which cannot bt* isolated^ as 

Liebig had supposed. This last is the new condition. Free 
cyanogen, which was Liebig’s radical, is (CN;^. CN is 
Gerhardt’s radical as in HCN (hydroc>anic acid), it cannot 
exist free; when its isolation is attempted the molecule 
(CN)2 results. 

Valency and t/ta /Jukinj^ of Atoms, -'riie object of the 
above theories, as well as of the experimental investiga- 
tions to which they gave rise, was to obtain an insight 
into the manner ii» which the elements of organic com- 
pounds are grouped or arranged, but problems soon arose 
for which they did not suftlce. An example will best 
show their value and their limits. 

Seven compounds are known having the formula C^H^qO, 
Four of the.se contain a radical €414^,; two of tiiem a radical 
C.JI7, and a second radical CH3; the seventh compound 
contains the radical , - but it is present in the molecule 
twice. All these substances are built up on the “ water 
type,” and may be represented as follows: — 



C.H; 





H j 

CH..) 


A. 


c. 



Water. 


In A only one atom of hydrogen in the water type is 
replaced by a radical, in il and C both hydrogen atoms are re- 
placed. Thus, the radical and type theories suflice to show 
the distinction between the compounds A, 13 , and C — that 
is, between three of the seven— but they give no clue to 
any reason for the existence of four compounds on the 
type of A, or of two on that of B. 

Compounds having the same molecular composition are 
called tsomers.^^ and the phenomenon is known as isomerism. 
It is evTdeTft that the theory of types in conjunction with 
the radical theory can explain certain i.someric relations, 
but it is equally evident that it cannot account for others. 
The above example shows that there may be, not only 
isomeric compounds containing different radicals, but also 
isomeric radicals. In order to gain a thorough insight 
into the structure of the molecule it is necessary to carry 


^ From iVof, equal \ ami a share or portion* 
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the inquiry to the ultimate particles of which radicals are 
composed — that is, to ascertain the arrangement of the 
Rtoins in these radicals, and not to be satisfied with con- 
clusions only as to the various groups of atoms present. 

This was first clearly recognised by KekuliS hi a very 
remarkable theoretical paper which may be fitly regarded 
as the foundation of the present theories of organic 
chemistry. The title of the paper, which was published 
in 1S58, is “On the Constitution and Metamorphoses of 
Chemical Compounds and on the chemical nature of 
Carbon.”^ KekuliS says — “I regard it as necessary, and 
in the present state of chemical knowledge as in many 
cases possible, to explain the properties of chemical 
compounds by going back to the elements themselves 
which compose these compounds. I no longer regard it 
as the chief problem of the time to prove the presence of 
atomic groups which, on the strength of certain properties, 
may be regarded as radicals, and in this way to refer 
compounds to a few types which can hardly have any 
significance beyond that of mere pattern formulae. On 
the contrary, I hold that we must extend our investigation 
to the constitution of the radicals themselves ; that we 
must ascertain the relation of the radicals to one another, 
and from the nature of the elements deduce both the 
nature of the radicals and that of their compounds.” 

This new possibility is founded upon Kekule’s view of 
the valency of the elements and on the mutual linking of 
carbon atoms, a view which was independently arrived at 
by Couper.^ Frankland had six years previously {1852) 
introduced the conception of valency into chemistry, and 
based his typical formulae essentially on the valency of the 
elements; but it was Kekule who founded the theory of 
the chemical structure of organic compounds upon this 
doctrine.*^ 

The number of atoms with which any element can 
combine is a characteristic property of the element. This 

* “Uel)cr die CotistiUilion u. MeUmorphoRcn der chcmischen Ver- 
bindun^L’n ii. uclicr die chcinischc Natur cfes KohlehslofTs/’ Annalen^ 
185S, cvi. 129. 

* Comptes rend.^ 1858, xlvi. 1 257. 

Cf^ K. R. Japjj, “Kekule Memorial I^clufc'* (/. Chem, Soc,y 1898; 
Ixxiii. 97), in which the historical development of this subject is fully 
treated. 
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comhining power or valency is different for the different 
elements, and is referred to some standard as unity. In 
the simplest hydrocarbon, CH^, called ‘‘marsh ” or 

methane,” four hydrogen atoms are attached to one 
carbon atom; accordingly the carbon atom has four 
affinities, each ot which is satisfied b\ the combination 
with one hydrogen atom. Each hydrogen atom is 
thus seen lo possess only one such affinity. Hydrogen 
forms a compound, and only one, with chlorine — 
namely, hydrogen chloride, or hydrochloric acid, HCl. 
Hence, it appears '^that chlorine, like hydrogen, possesses 
only one affinity. Such elements arc regarded as having 
unit valency and are called univalent. As is to be expected 
from the above, it is found that carbon forms a compound, 
CCI4, with chlorine; /.£?., each of the four valencies of the 
carbon atom is united to a univalent chlorine atom. 
Similarly, one atom of oxygen combines with two of 
hydrogen, and oxygen is therefore concluded to be 
divalent; nitrogen is tervalent^ and carbon quadrivalent. 
These relations are expressed in the formulae: — ' 

HCl H^O H3N H^C 

iry<lrf.j;en chloride. Wafer. Ammonia. Marsh gas. 

Kekule clearly recognised this quadrivalency of carbon, 
as is .shown by the following extract from the above- 
mentioned paper; — If we consider the simplest com- 
pounds of this clement. CH^, CH.,C1, CCl.p CHCia, COCU, 
CO2, CSg, and CNH, it is striking that the quantity of 
carbon which chemists consider as the smallest possible, 
the atom, always combines with four atom.s of a mon- 
atomic (univalent) clement, or two of a diatomic (divalent) 
element, so that in general the sum of the chemical units 
of the elements combined with carbon is equal to four.” 

The theory of valency is concerned only with the number 
of aflinities Avhich an atom possesses, and not with the 
force with which the atoms are united. 

The value of the theory is at once evident. Since 
carbon exerts four aflinities, oxygen two, and hydrogen 
one, a most useful basis is available for the elucidation 
of the structure of organic compounds. With many 
elements the valency varies in its different compounds* 
Nitrogen, for instance, is not always tcrvalent ; in fact, 



22 


MODERN ORGANIC CHEMISTRY. 


it appears to be capable of var>M*ngf its combining power 
from one to five, in terms of the unit. The valency of 
carbon, on the other hand, is practically constant. It is 
true that the simplest oxide of carbon, carbon monoxide, 
CO, appears to contain a divalent carbon atom, and 
carbon is also probably divalent in hydrocyanic acid, the 
Isonitriles, and in a few other compounds, but with these 
exceptions the quadrivalency of carbon may be regarded 
as firmly established. It means, as far as the building up 
of compounds is concerned, that every carbon atom has 
the power of combining with four atoms of a univalent 
element such as hydrogen. It is usual to speak of these 
atoms as being linked together, though the term Imking 
is somewhat inaccurate as applied to inter-atomic forces, 
and to give a representation of such linkings by means of 
formulae in which the symbols of the atoms arc united by 
lines, a method first suggested by Couper (1854), : — 

H — Cl. llydrorliloiic nckl 
\0. Waler. 

11/ 

H 

C Marsh pas. 

\\ 

These line.s are in no way intended to represent the 
direction of the linkings ; they arc simply and solely to 
express the number of affinities of the atoms. The 
symmetry of marsh gas is, in fact, better shown by 
grouping the four hydrogen atoms round the carbon atom 
thus : — 

H 

I 

H. Marsh pas. . 

Or, as will he shown later (Chapter XII.), still better by 
considering the carbon atom as a point in space and 
supposing the affinities lo be directed uniformly in 


M /N. Ammonia. 

w' 
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three dimensions. Such diag^rammatic formulae as the 
above are called graphic formula:. 

Marsh gas is the simplest hydrocarbon that can exist ; 
by studying the manner in which other hydrocarbons can 
1)0 derived from it a good idea is obtained of the possible 
conditions of combination of carbon and hydrogen. 

The Structure of Hydrocarbom ^ — Before considering 
the manner in which the combining powxr of carbon is 
concerned in the building up of its compounds, it is 
necessary to look closely into the nature of its simplest 
compound with hydrogen, so as to grasp the full meaning 
of the above method of representation. The most import- 
ant consideration is whether these four linkings, each of 
which represents a part of the combining power of carbon, 
are all equivalent. Is it immaterial which of the four is in 
combination with any univalent atom ? This can only be 
answered by the safe test of direct experiment. Suppose 
one atom of hydrogen in marsh gas be replaced by an atom 
of chlorine, which from its combination with hydrogen in 
hydrochloric acid is known to be univalent, is the resulting 
compound, which will have the formula always the 

same, whichever atom of hydrogen is replaced? Repre- 
senting the hydrocarbon by the graphic formula used 
above, any one of the four hydrogen atoms <7, r, or d 
might be replaced by chlorine thus: — 


Cl 

I 

I 

H 

{«) 


{<1) H— C—U (fi) 

I 


H 

n 

H 

1 

1 

n_c— Cl 

1 

j 

H- C-Il 

1 

1 

Cb-C- 

1 

1 

H 

1 

Cl 

1 

H 

(*) 

(r) 

(^/) 


cn,ci. 

II. 
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The four compounds (II.) would be different if the four 
bonds of the carbon atoms were dissimilar; if one of the 
four differed from the remaining three, then there would be 
two isomers. Despite the numerous laboratory methods 
available for the preparation of the compound CH^Cl 
(methyl chloride) and other analogous mono-substitution 
products of methane, no instances of dissimilarity amongst 
such products have ever been observed; in all cases one 
and the same substance is obtained. In addition, Henryk 
has adduced direct experimental evidence to show that the 
formulae a, b, c, and d (II.) for a mono-substitution product 
of methane are identical. This he effected as follows: — 
A compound was first prepared with its substituent, say, 
at a; a second substituent w'as then introduced, the first 
eliminated, and this new substituent replaced by the same 
substituting group as that originally introduced at a. This 
second substituent must obviously occupy a different 
position in the molecule, say b. Again starting from a 
compound in which two substituents were already present 
in the positions a and A, a third compound was prepared 
by replacing a third hydrogen atom, and then eliminating 
the substituents at a and b; in a similar manner the fourth 
hydrogen atom was replaced by the same substituent as 
that originally introduced, the position of which was there- 
fore at c and d respectively in the two latter compounds.* 

^ Comptes rend,^ 1887, cii. 1106; and Bull. Acad. roy. Belgique^ Classe 
dei Sciences^ 1906, 722; C/te»ft. Centr., 1907, i. 1312. 

The scheme represents, in outline, the reactions which were 

chosen to obtain the four methyl cyanides containing the CN group in the 
positions a, r, and d respectively: — 

(1) CH3I + KCN CHjCN. 

a 

(2) CHjCN — > ClIjCCOOH) — > CIIjCI(COOH) 

a a h n 

— ^ CUjCN.(COOn) — s- ClIjCN. 

(3) CH*CN(COOH) — > CII^COOH), 

ha ah 

— > CH^COOCjH,)* — > CHCHCOOCalls), 
ah ‘ c ah 

-~> CIICI(COOH)a ClIijCKCOOIl) 

c a h c 


CHttCN(COOlI) 
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The four products thus obtained were absolutely iden- 
tical in all their physical properties (boiling point, specific 
gravity, etc.), thus proving the equivalence of the four 
valencies of the carbon atom. This proof is open to the 
objection that a change in the position of the substituents, 
a molecular rearrangement, might occur during the re- 
actions involved, but in view of the nature of the reactions, 
this is improbable.^ From the equivalence of the four 
aflinities of the quadrivalent carbon atom, it is possible to 
show how the atoms of carbon and hydrogen may be 
disposed in any carbon compound of which the com- 
position is known. 

A compound closely related to marsh gas is ethane, 
which has the forniula CoH^. This formula tells nothing, 
however, of the way in which the atoms are linked together. 
It is evident that since carbon is the only one of the two 
elements which has more than one linking power or 
valency, the atoms in the molecule of ethane must be held 
together by the direct union of the two carbon atoms. If 
the carbon atoms be linked together by a single bond, 
each of the atoms will have three remaining afHnities, 
which are available for the combination of the hydrogen 
atoms. These six afTinitics exactly suffice for the number 
of the hydrogen atoms in ethane, and the only possible 
formula for this compound is therefore; — 

H H 

I 1 

II— C— C— H 


Ethane, CsHg. 

(4) Cl MCOOQl 1 ^), — > CTI NafCOOCal I,), 

ah e a h 

— > ClI(COOCjlIs), — > CCKCOOC,!!,), 
— > CCI(COOU)j — > CIIsCl(COOH) 

— cri.jCN(Coon) — > ciIjCN. 

ii 

A similar series of reactions was carried out, in which the Aiur nilro- 
methancs were prepared. 

* Nef(/. Attter, Ghent, 190S, xxx. 645) is of opinion that intra* 
molecular changes arc likely to l.akc place in such reactions. 
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Proceeding' to the next hig'hcr hydrocarbon, propane, 
there arc three carbon atoms which must be united 
tog-ethcr as shown below. One of the carbon atoms must 
use up two of its aHinities in linking up with the other 
carbon atoms, and each of the others must use up one of 
its airinities in the same way. This leaves eight un'inities 
for the hydrogen atoms. 

H H H 

I I I 

H— C— C— C— H 

I I I 

H H H 

Propane, QII^. 

The structure of these hydrocarbons is thus arrived at; 
that is, a knowledge of the manner in which the atoms 
forming the molecule are mutually disposed. The method 
of combination is very simple in these instances, but when 
more than three carbon atoms are united together the 
conditions become more complex, although dependent upon 
the same fundamental factors, which have led to what is 
known as the Law of the Linking of A team. The reason for 
the greater complexity of the molecules is that the con- 
ditions of combination are no longer restricted to simple 
chains of carbon atoms, but may give rise to branched 
chains, as for instance: — 

H 

I 

H-C-Il 
H 11 

I I 

H— c — c — c - n 

I I I 

FI H FI 

Isobutanc, 

Tw^o hydrocarbons of the formula exist, three of 

the formula and the number increases step by step. 

No less than 802 formulai arc theoreticfilly possible for a 
hydrocarbon Thi.s will be rendered clearer by the 

following consid6ration.s. 

Methane, CH^, is a symmetrical molecule; it is im- 
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material which of the hydrogfcn atoms is rcplnced by an 
atom of chlorine, as already shown. Ethane, the 

next simplest hydrocarbon, is also symmetrically built up, 
and only one modilication of a compound dcriveil from it 
by roplaciui^’ an atom of hydrogen by one of chlorine is 
possible. The formula of this compound, C.,Hr,Cl (ethyl 
chloride), is represented graphically thus: — 

H H 

! I 

H— C— C— 11 


Ethyl chloritlo. 

The relation of these two chlorine compounds to the 
hydrocarbons from which they are derived is shown in the 
formula: : — • 

CII3.CI. from CH4. 

CoH,.Cl. from CoH,,. 

Cil;{Cl may be regarded as methane in which a hydrogen 
atom has been replaced by chlorine; it contains a radical, 
CH3, united to the univalent chlorine atom. Similarly, the 
group is united to chlorine in the corresponding 

derivative of ethane; those groups, which are the radicals 
derived from the two hydrocarbons, are called methyl and 
ethyl respectively. They cannot exist in the free state 
because they both contain one of the carbon afiinities or 
linkings unsaturated; their compounds arise when this 
last linking is satisfied. In the hydrocarbons themselves 
it is satisfied by a hydrogen atom ; these, therefore, may 
be regarded as the hydrides of the radicals and the chlorine 
substitution products as the chlorides, analogous to an 
inorganic chloride such as KCl, chloride of potassium, or 
to hydrochloric acid (chloride of hydrogen) HCI, thus: — 

fCHn.II. or CH^. Methyl hydride or methane, 

ICHy.CI, Methyl chloride. 

('C0H5.Il. Ethyl hydride or ethane. 

UVI.vCl. Ethyl chloride. 

A hydrogen atom cannot exist free; when liberated from 

its compounds it combines with another atom to form a 
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molecule ; hydrogen is univalent, and H — H represents 
or the free hydrogen molecule. Nor can the radicals 
methyl and ethyl exist alone, but similarly to hydrogen 
they unite with themselves to form stable molecules. 
When a methyl group, liberated from one of its com- 
pounds, unites with a second similar group the molecule 
formed must evidently be built up thus; — 

H H 

I I 

H— C— C— H 

I 1 

H H Kthano 

This is ethane. As a combination of two methyl radicals 
it appears as “ Dimethyl,*’ which is a perfectly accurate 
nomenclature. At one time ethyl hydride and dimethyl 
were regarded as different compounds, viz.: — 
ethyl hydride; CH 3 .CH 3 , ditnethyd. The radical and type 
theories seemed to point to a difference here, but the laws 
of atomic linking dispelled the idea, ^d Schorlcmmcr 
(1865) proved the identity of the two by showing that the 
compound obtained by replacing one atom of hydrogen by 
one of chlorine was absolutely identical in both cases, one 
and the same ethyl chloride, C2H5CI. 

It is further possible to unite the radicals methyl and 
ethyl to form a compound; the formula CHj, — or 
CjHg will represent the combination. This is propane^ 
the structural formula of which was given above. When 
two ethyl radicals are joined the compound formed will be 
C2H5 — or C4HJQ. This hydrocarbon is called butane. 

Propane, CgHg, is clearly ethane in which a hydrogen 
atom is replaced by a methyl group or radical; it is. 
methyl-ethyl. There is obviously only one way in which 
the methyl group can replace an atom of hydrogen, just as 
there is only one ethyl chloride possible. The linkings of 
the carbon atoms must therefore be disposed as follows; — 

H H H 

.1 I - I 

H— C(l)— C(2)— C(3)-H 


H H II 

Propane, CsII^ 
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This grouping of the atoms differs, however, in one 
important detail from that in ethane or methane. The 
hydrogen atoms are no longer symmetrically arranged. 
Of the three carbon atoms two {i and 3) are similar, each 
being united to three atoms of hydrogen and one of 
carbon; but the third carbon atom (2) has its affinities 
differently disposed, two only are linked to hydrogen and 
the remaining two to two atoms of carbon (i and 3). If 
one hydrogen atom in ;i compound of this structure be 
replaced by chlorine or any other univalent atom or group, 
the resulting product hiust evidently be different according 
as it is one of the three hydrogen atoms attached to either 
of the carbon atoms i or 3, or one of the two hydrogen 
atoms attached to the carbon atom 2 that is substituted. 
The radical of propane is C^IK, Propyl^ and C3H-.CI, Propyl 
^chloride y is the analogue of ethyl chloride. The theory of 
types would represent this compound on the hydrochloric 
acid type thus: — 


11 

Cl 


} 



Propyl chloride. 


But there are two propyl chlorides. The above formula 
for propane at once accounts for them: — 


H H H H H H 

III III 

C-C-H and 11 — C— C—C—U 

III III 

II H Cl H Cl H 

I. II. 

It is unnecessary to write such formuhe fully; the differ- 
ences are equally intelligible in the following form: — 

CH^.CHj.CHaCl. and CH3.CHCl.CH3. 

I. II. 

I. is called Normal propyl chloride y and II. Isopropyl 

chloride. 

The isopropyl group forms a radical, just as does the 
normal propyl group. Whenever the radical propyl forms 
part of a compound two isomers? are possible on these lines, 
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anti ill most instances both are known. This experimental 
support thus jyiven to the law of the liiikin^^ of atoms is 
repeated again and again amongst organic compounds. 
Butane, is the hydrocarbon resulting from the union 

of two ethyl radicals; two hydrocarbons of this formula 
are known. The two ethyl radicals when written thus 
show that butane is propane in which 
a hydrogen atom is replaced by methyl. Hut a methyl 
group can take either of the above positions in the 
propane molecule; the two butanes arc thus accounted 
for;— 

CH.,.CII,.CII^.CII, CH, -CH-CH, 

Normal butane. | 

CH3 

Isobulane. 


The second- compound, isobutane, appears as melhane •*: 
which three hydrogen atoms have been replaced by three 
methyl groups; it may be correctly called Trimethyl’^ 
victhane. 

.^^he isomerism of the seven compounds of the formula 
previously referred to (page kj) can now be 
accounted for. 


The difference in the two compounds 


Cll. 


\ 


O evidently 


consists in the one containing the radical propyl, the other 
isopropyl, and their constitutional formuhe will be; — 




CH, 


/ 


o 


I. 

Melliyl-piopyl other. 


and >CH 

ch/ 

ch/ 

II. 

Melhybisopropyl oilier. 


The existence of four compounds of the type 


C,H 

H 



can be similarly explained on the basis of the law of the 
linking of atoniSv 

The study of this more refined isomerism of organic 
compounds is sufficient to show how important and helpful 
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ilic law of the linking of atoms has bccii. Not Only did it 
serve to explain isomeric relationships previously incom- 
prehensible; it also pointed out new possibilities, many of 
which have been subsequently realised^ 

It remains to inquire what means there are for arriving 
at a knowledge of the constitutional formuhe of com- 
pounds- that is, of ascertaining the manner in which the 
atoms of their molecules are grouped together. Isomeric 
substances are distinguished by their physical properties, 
such as melting point, boiling point, crystalline form, and 
solubility. Their cohstitutional or structural formula; are 
arrived at by a study of their methods of formation, of the 
changes they undergo, and of the pioducts that result by 
their decomposition. Such fornuilaj express in a concise 
form the chemical nature of the compound, and, moreover, 
indicate its typical properties. 

'^Therc is still a further condition of isomerism, the most 
recent and perhaps the mv>st interesting — that due to a 
difference in the spatial arrangement of the atoms, 
Pasteur in 1848 and J. Wislicenus in 1809 were the first 
to show that two dift'erent substances could be apparently 
identical in respect to their chemical structure; many other 
instances have followed, typically that of two closely- 
related acids — maleic and fiimaric. Such substances are 
now recognised as geometrical or siereociumtcal isomers. 
Their existence has in no way diminished the value of the 
law of the linking of atoms for structural chemistry, but it 
has necessitated an extension of two-dimensional formulaj 
to three dimensions. New conditions and possibilities 
then arise, which will be considered in Chapter XII. 
Conversely, instances are now known in which two 
isomeric compounds pass so easily into one another 
that the same substance appears from its reactions to 
liavc two different formuhe. This gives rise to the 
phenomenon of lautonierisin, which will be dealt with 
in C hapter XIV. 
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THE CLASSIFICATION OF ORGANIC COMPOUNDS. 

Homologous series of hydiocarbons and of their derivatives — The 
value of homology in the study of organic compounds — 
Aliphatic or open-chain compounds — Saturated and un- 
saturated aliphatic compounds — Cyclic or closed-chain 
compounds— I socyclic and heterocyclic compounds. 

Homologous Series of Hydrocarbons and of their Derivatives, 
— It was seen in the previous chapter that ethane, Cgh^, 
is derived from methane by the replacement of a hydrogen 
atom by the methyl group CHjj. The replacement of a 
hydrogen atom in ethane by CH3 gives rise to propane 
C3H3, and a repetition of this process yields butane QHjo. 
By repeating this substitution of H by CH3 in this way a 
series of compounds is obtained containing a chain of 
carbon atoms, the remaining affinities of which are 
attached to hydrogen atoms. Each member of the series 
differs from the preceding member by one atom of carbon 
and two atoms of hydrogen. 



Difference in composition. 

Methane^ 

CH4 \ 


h CHi, 

Ethane^ 

C,H„ 


CHj 

Propane^ 



CH,. 

Dutancy 

C4H10 1 


The compounds are clearly closely related to one another, 
and it will be shown later that they show a regular 
gradation in their boiling points and other physical 
properties as also in their chemical character. The study 

32 
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of organic chemistry is greatly simplified and systematised 
by dealing with all the compounds of such a series together. 
Thus, general methods arc available for the preparation 
and investigation of all the members of a scries, and the 
gradation in physical properties facilitates the study of 
such groups. The menibers of each group undergo 
similar changes with chemical reagents, and in the form 
of tlieir coi responding radicals (methyl, ethyl, etc.) can 
be introduced, by similar means, into other molecules. 

Kekul6 recognised this relationship between the allied 
compounds, and gave the general formula CnH2ft +2 to 
the group. Since n carbon atoms have valencies, and 
271 — 2 are required, according to the law of the linking of 
atoms, for the mutual linking of the carbon atoms, therefore 
/[n--(2n — 2) rcihain for the hydrogen, or 2;/ + 2. Such a 
series is known as an Ho 77 iologo 7 is Series, 

^Scries in which the members are similarly related exist 
amongst all the derivatives of the hydrocarbons, such as 
the chlorides, alcohols, acids, etc.; e^g,\ — 

Methyl chloride. ClLj.Cl. Methyl alcohol, CHy.OH. 

Ethyl chloride, CyHr,.Cl. Ethyl alcohol, C.jH^.OH. 

Propyl chloride, CJH7.CI, Propyl alcohol, C3H7.OH. 

In each of these groups there is the same constant 
difference of CHg in the composition of the successive 
members, and similarities in methods of preparation and 
properties are again characteristic. The value of homology 
for the classification of organic compounds was first grasped 
by Schiel (1842), and it has been of very great service in 
the study of organic chemistry. The marked analogies 
in homologous groups render the consideration of all 
the individual members unnecessary; any one member 
can be studied as typical of the whole group, and the 
knowledge thus obtained can be applied to the others. A 
further useful relationship appears amongst the corre- 
sponding derivatives of the hydrocarbons. Ethyl alcohol 
and ethyl chloride are derived from their hydrocarbon 
ethane, just as methyl alcohol and methyl chloride are 
derived from methane; homology therefore includes the 
mutual relationship of the hydrocarbons to all their 
derivatives. 


3 
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Aliphatic or Opcn-chain Compounds, — It was seen that 
in proceeding’ from methane to ethane, propane, etc., a 
chain of carbon atoms is gradually built up, and that this 
chain may be either straight and continuous or branched, 
as in the case of the two butanes: — 

I I I 

-C— c— c— 


In Butane. In Isobutnne. 

There is another large class of compounds in which the 
carbon atoms are united in the form of a ring, and this 
ring-structure modifies their properties to such an extent 
that it is necessary to sub-divide organic compounds ^ 
into two main classes called the open-chain compounu.s" 
and the closed-chain or ring compounds respectively. 
The former are known as the fatty'' or '‘'‘aliphatic" 
compounds (from fai) since they include the 

naturally occurring fats and derived compounds. 

Saturated and Unsaturated Aliphatic Compounds. — The 
hydrocarbons of the methane group are saturated com- 
pounds. The appropriateness of this term lies in the fact 
that with the exception of the valencies which are neces- 
sary to unite the carbon atoms of the molecule, their 
affinities are fully saturated with hydrogen atoms. Each 
hydrocarbon contains, therefore, the maximum number of 
hydrogen atoms possible ; this is expressed by the general 

formula Cn H2rt 4 2. 

Other open-chain hydrocarbons are known which are 
poorer in hydrogen. In these the available affinities are not 
all attached to hydrogen atoms, as in the hydrocarbons con- 
sidered above. The manner in which the remainder are 
accounted for will be shown presently. Such compounds 
are said to be unsaturated. 

Ethylene, C2H4, and acetylene, C2H2, are the initial 
members of two homologous series of such hydrocarbons, 
having the general formulae CnH2rt and C2nH2M«2 respec- 
tively. 

When ethane is acted upon by chlorine, an atom of 
hydrogen is replaced by one of chlorine, hydrochloric acid 
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beingf simultaneously formed. The resulting product, ethyl 
chloride, is derived from the hydrocarbon by the substitution 
of chlorine for hydrogen : — 

4-nci. 

Ethyl chic ride. 

Such suh^ititniion products are characteristic of all 
saturated hydrocarbons. The unsaturated hydrocarbons, 
on the other hand, under analogous conditions, form 
addition products^ ethylene and chlorine, for instance, 
combine directly, without mutual exchange, to form a 
saturated compound, ethylene dichloride: — 

C2H4 + CI2-C2H4CI2, 

Ethylene dichloride ; 

which may also be regarded as ethane with two hydrogen 
atoms replaced or substituted by their equivalent of 
chlorine. 

Acetylene, C2H2, is still poorer in hydrogen; it is a 
doubly unsaturated hydrocarbon. Four additional atoms of 
hydrogen or of chlorine are necessary to completely satisfy 
the affinities of the two carbon atoms present. Under 
suitable conditions it can be converted, first into a com- 
pound of the ethylene group, and then into a saturated 
compound, thus: — 

i. C2H2 + Hg = C2H4. ii. CoH, 4 * H2 = C2H0 

Acetylene. Ethylene. Ethane. 

This relation of the three hydrocarbons is typical of their 
homologues and derivatives. 

The question naturally arises, how can the law of the 
linking of atoms account for the existence of hydrocarbons, 
which contain fewer hydrogen atoms than are required to 
satisfy the valencies of the carbon atoms present? There 
are two possibilities, without the admission of a variable 
valency in carbon; either certain valencies of the carbon 
atoms remain free and uncombined, or they mutually satisfy 
each other. The former idea would be expressed, in the case 
of ethylene, C2H4, by such formulae as: — 

— CHjj— CH.,— or CH;,— CH<^ 



36 


MODERN OFGA.N 1 C CHEMISTRY. 


These formulte are extremely improbable, though re- 
cently many investigators arc inclined to the opinion that 
free valencies are not impossible. If free carbon affinities 
wer^ capable of existence in these hydrocarbons, there is no 
reason why compounds containing one, three, or live free 
valencies should not be capable of isolation. Many 
attempts have been made to prepare such compounds, but 
no case has been proved with certainty in which an odd 
number of valencies exists, although a compound, triphenyU 
methyly^ which behaves as if it contains a free valency, has 
been recently prepared. Compounds of this character 
would become saturated by the addition of an odd number 
of hydrogen atoms, or their equivalent, but with the 
above possible exception, all unsaturated hydrocarbons 
take up an even number of univalent atoms in passing 
to saturated compounds. Further, as has already been-- 
stated, when the radical methyl CH.j, which has one such 
free valency, is liberated from a compound it never 
separates as such, but unites at the moment of its 
separation with a second similar radical to form CH., -— CHo 
(ethane) by mutual saturation. 

The second possibility, that the two carbon atoms in 
ethylene, for example, account for four instead of two of 
the carbon valencies is expressed by the formula ; — 


H 


\r = 


C = G 


IF 


H 

H 


This representation accords well with the chemical 
behaviour of ethylene. That the addition compound with 
chlorine is formed by the saturation of the double bond is 
shown by the fact that the resulting saturated compound is 
symmetrical: — 

CH., CM., Cl 

II '+CI, -= I 
CH,. CII3CI 

Ethylene dichloridc. 

A hydrocarbon containing only one carbon atom, CII.^, 
cannot exist according to this view; such a group, when 

' Gomberg, BerichUt igoo, xxxiii. 3150; Cy. Chap. xv. j). 423. 
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isolated, must at least combine with a second similar group, 
and + or ethylene is what actually results 
under the experimental conditions that might be expected 
to give rise to CH.,. This is analogous to the com- 
bination of two methyl groups to form ethane. In all 
unsaturated compounds, each unsat urated carbon atom 
is directly connected with a second carbon atom in 
a similar condition of unsaturalion. These facts are 
sufficient to show that directly united carbon atoms are 
responsible for this special structure of unsaturated com- 
pounds, which is indicated by a double link in compounds 
of the ethylene gVoup, and by a triple link in acetylene 
and its homologues. 

CH 

or H 

CH Acetylene. 

Such formula!, in addition to representing the manner in 
which unsaturated compounds take up one or two mole- 
cules of elements or their equivalents to form saturated 
compounds, are also in accord with the requirements of 
the law of the linking of atoms, in respect to the isomeric 
relations of the higher members of the groups and of their 
derivatives. 

An apparently weak point in this theory is that one 
would expect a double bond to unite the carbon atoms 
more firmly than a single bond, whereas it is found 
that the double bond is always the weak spot in the 
molecule, and is very readily attacked by chemical re- 
agents. It will be shown later (Chap. XII.) that such 
multiple linkings are necessarily in a state of strain, 
and that the greater stability of a single linking is 
quite in accord with the most rational views of the nature 
of v.alency. 

Cyclic or C/osed-c/ttiin Compounds , — In both the saturated 
and unsaturated hydrocarbons of the aliphatic group, each 
carbon atom is directly united to the one that precedes 
or follows it in the chain, or to both. 

But it is also possible for carbon atoms to be united so 
as to form a closed chain or ring, or more correctly 
speaking, a polygon. Such a method of combination 
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necessitates at least three carbon atoms, linked together 
as follows : — 



' C Trimelhylcnc ring. 

/\ 

unless ethylene be regarded as a ring composed of two 
carbon atoms. The most important of these ring or Cyclic 
compounds arc those in which six carbon atoms are united 
together: — 



C 


This ring or closedchain combination is found in 
benzene and its derivatives, a most important group of 
compounds which includes the aniline colours and many 
other technically important products. Before the nature 
of this group was understood, the name of Armnatic 
Compounds was applied to certain naturally occurring 
products which have since been proved to be benzene 
derivatives. These compounds possessed a characteristic 
aromatic odour, and the term has been retained for the 
group. 

Isocyclic and Heterocyclic Compounds, — An important 
division arises amongst closed-chain compounds. Cyclic 
compounds arc known in which one or more atoms of 
carbon arc replaced by other elements, especially nitrogen, 
sulphur, or oxygen. The derivatives of some of these are 
of considerable theoretical and technical importance; the 
ring compounds containing nitrogen are closely related to 
the natural alkaloids. 

Cyclic compounds, such as benzene, which consist of 
atoms of the same kind, typically carbon atoms, are called 
isocyclicy those in which other atoms are present heterocyclic. 
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The following are examples of the atomic groupings in the 
latter: — 



Thiophene rint;. Pyridine ring. 


Cyclic compounchs show certain common characteristics 
in their methods of preparation, properties, and isomeric 
relations, all of which stand in marked contrast to those 
of the aliphatic group. 

To summarise, organic compounds can be grouped in 
tb^ee main divisions as follows: — 

I. Aliphatic Compounds. — All open-chain compounds, 

both saturated and unsaturated — viz., the methane, 
ethylene, acetylene, etc., hydrocarbons and their 
derivatives. 

II. IsocYCLic Compounds, — All compounds containing 

closed chains of only carbon atoms — viz., the 
benzene or aromatic hydrocarbons, polymethylene 
hydrocarbons, naphthalene, anthracene, etc., and 
their derivatives. 

III. Heterocyclic Compounds. — All compounds con- 
taining closed chains having other atoms in addition 
to carbon atoms — viz., thiophene, pyridine, quino- 
line, etc., and their derivatives. 

This classification, which rests on a sound basis both 
from a theoretical and experimental point of view, is a 
valuable aid in the study of the three divisions. There arc, 
in point of fact, certain closed-chain compounds included in 
the aliphatic division, but the closed chains they contain 
arc due to the presence of certain substituting groups, and 
arc not a characteristic of the grouping of the contained 
carbon atoms ; in their chemical nature they are distinctly 
aliphatic compounds. 

Naturally, this division applies only to compounds of 
known constitution. There is another large group left — 
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namely, lhat of the compounds of unknown constitution. 
This includes chiefly natural products such as many of the 
alkaloid.s, glucosides, proteins, ptomaines, and the like, 
which have as yet no well-defined place in the system of 
organic chemistry, but which, although extremely complex, 

are undoubtedly built up in accordance with the same laws 
of the linking of the atoms as the compounds, the structure 
of which is known. 
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THK AMVHATIC HYDROCARBONS. 

The ParaJDin Series of Hydrocarbotts. — Substitution products. — 
Synthetical methods of preparation— Physical properties. 
The Ethylene Series of Hydrocarbons. — Their chemical character 
— Formation of addition products. 

7 'he Acetylene Series of Hydrocarbons. — Synthesis of acetylene — 
Metallic derivatives of acetylene— The metallic carbides 
and their preparation in the electric furnace. 

Further considerations regarding the structure of uiisaturated 
compounds — The Tliermocheniical relations of saturated 
and unsaturated hydrocarbons. 

The Paraffin Series of Hydrocarbons . — The saturated 
aliphatic hydrocarbons, typified by methane and ethane, 
arc known as the Marsh Gas or Paraffin group. The 
former term is derived from the usual name of the initial 
member, methane ; the latter from parum afflnisy on 
account of their inertness towards chemical reagents, 
first ob.served with the higher members of the scries 
which constitute ordinary paraflin wax. This stability is 
the most marked characteristic of th€ group. Powerful 
reagents, such as strong nitric or sulphuric acid, are 
without action on the paraffin hydrocarbons at the 
ordinary temperature, and even on heating any chemical 
action is, with few exceptions, very slow. Chlorine, 
bromine, and fluorine arc almost the only substances that 
re-act at the ordinary temperature. Chlorine forms substi- 
tution products, and the hydrogen atoms in the simpler 
hydrocarbons can be successively and completely replaced 
by this element. From methane, for instance, the 
chlorine substitution products arc : - 

CH4. Methane, or marsh gas. 

CH3CI. Monochlormethane, or methyl chloride. 

CH.^Cl2. Dichlormethane, or methylene dichloride. 

CHCI3. Trichlormethane, or chloroform. 

CCI4. Telrachlormethane, or carbon tetrachloride. 

41 
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Bromine acts similarly to chlorine but less vigorously. 
As stated in the previous chapter, this substitution of 
hydrogen by chlorine is always accompanied by a liberation 
of hydrochloric acid. It was, in fact, the hydrochloric acid 
evolved during the burning of paraffin candles that had 
been bleached by chlorine that led Dumas in 1834 to his 
'^^substitution theory y' the keystone to the present views 
on the mutual replacement of atoms or their equivalent. 
The formation of methyl chloride from methane is repre- 
sented by the equation : — 

H Cl 

I I 

H-~C— II + Cl„ -= H— C— II + HCl. 

! ■ I 

H H 

Methane. Methyl chloride. 

The chlorine, according to Dumas, takes the place of or 
substitutes the hydrogen. Berzelius, who based all his 
views regarding chemical change on the electro-chemical 
character of the reacting substances, strenuously opposed 
this theory ; the idea of electro-negative chlorine replacing 
electro-positive hydrogen appeared to him as impossible 
and absurd. The conditions of substitution and the 

chemical and physical relations of the resulting products 

to the original compound have, however, amply confirmed 
Dumas* views. These substitution products serve as the 
starting-point for the preparation of many derivatives of 
the hydrocarbons ; their relation to the latter is shown 
in the inverse substitution of the chlorine by hydrogen. 
Nascent hydrogen, generated from zinc and acid, can 
effect this change : — 

CH3CI + 2H - CH4 + HCl. 

The reaction is easily carried out and is a useful method 
for the preparation of pure hydrocarbons. 

In speaking of the nature of the double linking in 
ethylene, it was stated that when such univalent radicals 
as methyl or ethyl are liberated from compounds they 
never separate in the free state, but combine with a 
second similar radical. This is the rationale of another 
method for preparing paraffin hydrocarbons. Methyl and 
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ethyl iodide are the analogues of methyl and ethyl chloride, 
substitution products of their respective hydrocarbons, 
having the formulae CH3I and C.2H5I. Metallic sodium 
has a great affinity for iodine, forming sodium iodide, 
Nal ; when brought in contact with methyl or ethyl iodide 
under suitable conditions, the sodium combines with 
their contained iodine, liberating tlie radicals CH3 and 
C2Hr, respectively. By mutual saturation ethane, CgH^., and 
butane, result as the products of the reactions : — 


CH ,, I 

. 4^ Na^: 

CII 3 I 

Methyl iodide. 

c,ih I 

+ Na, 

C,H,I 

P2thyl iodide. 


CH3 

I 4 - 2NaI. 
Clla 

Ethane. 

CgH, 

I ■ 4 2NaI. 

CoH, 

Buta nc. 


Such a method of synthesis affords the means of proving 
the structure of hydrocarbons, as, for instance, in the case 
of the isomer of butane, C^Hjy, to which, from the law of 
the linking of atoms, the structural formula ; — 

/CH, 

CH,~-CH<; 

\CH, 


is assigned.^ Since the above reaction can be eLiually well 
applied to a mixture of iodides, a compound of this 
formula should result by allowing sodium to act upon 
a mixture of methyl iodide and isopropyl iodide, thus : — 


Methyl iodide. Cll.j— - 

CH, 


CH./ 


'CH 


I 

+ Na., 

I 


CH.. I 

■■'':CH I 2NaI 

CH./ 


Isopropyl iodide. 


Isobiilane. 


' cy. cliiip. ii, p. io. 
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The product formed is identical with the isomer of normal 
butane in all its properties. This synthesis is a satis- 
factory proof of the correctness of the above formula. 
The only criticism which could be made in opposition to 
this conclusion would be that some change might have 
occurred in the arrangement of the atoms during the 
reaction. Such changes, generally called molecular re- 
arrangements, do occur at times, and on more than one 
occasion have led to erroneous deductions, but still they 
are to be regarded as the exceptions, not the rule. They 
arise usually during violent or high temperature reactions, 
and are recognised by the discordant results of what 
should otherwise be analogous changes. As a matter of 
fact, the isopropyl group does often change into the 
normal propyl group and vice versa, but were such a 
molecular rearrangement to occur in the above reaction, 
normal butane, the structure of which has been sa^TS- 
factorily proved, would result. This is not the product 
of the reaction, and hence the formula indicated by the 
law of the linking of atoms is supported by this synthesis. 

Gradations in physical properties are characteristic of 
the paraffins as of all homologous series. The first four 
members from methane CH^ to butane are gases at 

the ordinary temperature; normal butane boils at + 
From normal pentane Cr.Hjy, which boils at 37'', to 
pentadccane CirHyjj which boils at 270", and melts at 10", 
they are liquids, the boiling points of which increase in 
a regular gradation throughout the series ; the higher 
homologues, the constituents of vaseline and paraffin wax 
are solids. The specific gravity increases gradualfy with 
the molecular weight up to the solid hydrocarbons and 
then remains approximately constant, when determined at 
the melting point. Such generalities are of value as an 
aid in indicating the position of a hydrocarbon in a 
series, since the differences in the percentage composition 
of the higher members is very small — in fact, less than 
the average error of analysis. For example, Cjr.Hy.j con- 
tains 84.80 per cent, of carbon and 15.20 per cent, of 
hydrogen, whilst the next higher homologue, Ci,;Hy4, 
contains 84.86 per cent, of carbon and 15.14 per cent, 
of hydrogen. 

^ All temperatures are given in Centigrade degrees. 
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The Ethylene Scrica of Hydrocarbons.- ~VX\\y\Qv\(i and its 
hornologfues show similar gradations to the paraflin series 
in their physical properties. Their chemical character is 
entirely dittcrent ; they arc very reactive substances, 
especially in their capability of combining directly with two 
atoms of hydrogen, bromine, or chlorine to form saturated 
compounds. In these combinations the double link between 
the two iinsaturated carbon atoms is attacked and the two 
atoms are added symmetrically as already stated. Halogen 
acids, especially hydriodic and hydrobromic acid, also 
combine directly, farming the mono-substitution products 
of the paraflins ; with ethylene and hydrobromic acid, 
for instance, monobromethane results : — 

CIT. H CM, 

ii ' + I = 1 ■' 

CII_J Hr CHJlr. 

Mono! »romclhanc. 

Since ethylene is a symmetrical molecule, it is imma- 
terial with which of the two carbon atoms the bromine of 
the hydrobromic acid combines; in either case the same 
product must be formed. But with the unsymmetrical 
homologucs of ethylene this is not the case. Propylene 
for instance, forms isopropyl bromide, thus: — 

CH.j--CH-CHo + HBr - CHa-CHBr— CH^. 

Propylene, Isopropyl bromide. 

CHa.CHo.CH.Br. 

Not normal propyl bromide. 

The halogen atom attaches itself to that carbon atom 
which is combined with the least hydrogen. This course 
of the reaction is general for the scries, and has been of 
value in elucidating the structure of some of the higher 
members. With the more complex unsaturated com- 
pounds, typically those containing two adjoining pairs of 
double bonds, or, as they are often called, “ethylene link- 
ings,” the course followed in the formation of addition 
products is less simple. The product of the action of 
bromine on compounds of the type = CH2 

is a compound in which one atom of halogen is attached 
o each of the end carbon atoms, not to adjacent carbon 
atoms, as is the case with compounds containing only 
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one ethylene bond, with the result that a new double bond 
is formed in the molecule, thus: — 

CH, - CH -CH CH. + Br^ - BrCHa— CH = CII- CHgBr. 

not BrCH,— CHBr-CH = ClI.. 

From this it is evident that the two double bonds exercise 
some mutual influence. It may be that the addition 
primarily follows the normal course, and that the final 
product is formed by a secondary change. Another view 
is that the two intermediate carbon atoms are inactive in 
respect to the formation of addition products because their 
unsaturated valencies mutually saturate each other, so 
that the unsaturation of the molecule is only manifested at 
the ends of the chain much on the same lines as the origin 
of the two poles of a magnet. After the addition of the 
molecule of bromine a readjustment of the linkings*“is 
necessary, and a new double bond must result. This latter 
interpretation, together with some suggestive ideas on the 
nature of the unsaturated valencies of elements, has been 
put forward by Thiele;^ it has certainly brought a number 
of apparently divergent reactions into line, and as a 
theoretical speculation has thus served a useful purpose. 

Whilst recognising the importance of such intramole- 
cular transformations, it is to be borne in mind that 
they are the exception and not the rule. Unless there 
is any reason to the contrary, it may generally be assumed 
that the structure of the molecule remains intact. 

The Acetylene Series of Hydrocarbons , — Acetylene itself, 
CgHg, is the type of all compounds which contain two or 
more carbon atoms united by a triple bond. As stated 
above, this condition of combination is most satisfactorily 
represented by the following formula for acetylene: — 

HC-zCH. 

This hydrocarbon is of special interest, since it can be 
directly formed from its elements. Recent researches 
show that the formation of acetylene is just perceptible 
at 1,700®, and increases progressively up to about 2,500® 

^ Annalen^ 1899, ccevi. 87. Cf, also Knoevenagcl, Berichte^ * I 903 » 
xxxvi. 2803. 

Pringand Hutton, y. Chetn. Soc,^ 1906, Ixxxix. 1591. 
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small quantities of methane are formed at the same time. 
The synthesis of acetylene is best carried out at the higher 
temperature of the electric arc by passing hydrogen 
through a globe in which the arc is completed between 
two carbon poles, when the issuing gas contains a con- 
siderable proportion of acetylene. The presence of an 
excess of hydrogen is an important condition in the forma- 
tion of acetylene. Since acetylene can be readily converted 
into ethylene and ethane, and these by successive stages 
into a large number of organic compounds such as alcohol, 
acetic acid, tartaric^ acid, etc., the syntheses of these com- 
pounds, starting from the elements carbon and hydrogen, 
arc possible. Such complete syntheses were first carried 
out by Berthelot.^ 

Although acetylene results directly from its elements at 
the temperature of the electric arc, it is much less stable 
at lower temperatures. When passed through a tube 
heated to bright redness it is almost completely decom- 
posed into its elements, and at lower temperatures it is 
converted into more stable hydrocarbons, such as benzene. 
The stability of acetylene at very high temperatures is 
probably conditioned by a decrease in the valency of the 
carbon atom when strongly heated. Many of the elements 
exert a lower valency at high temperatures,- as is shown 
by the dissociation of their compounds. 

Acetylene, like ethane and ethylene, is a gas. It is 
condensed to a liquid by a pressure of 83 atmospheres at a 
temperature of 18'’; in the liquefied state it is very unstable 
and liable to sudden decomposition with explosive violence. 
This is due to the strained condition of the caibon linkings, 
and confirms the instability of such unsaturated compounds 
as compared with compounds such as methane. It burns 
with an intensely luminous flame, forming carbon dioxide 
and water according to the following equation: — 

2C2H2 + = 4CO2 + 211^0. 

When mixed with oxygen or air, in the proportion indi- 
cated by this equation, and fired, either by a naked light or 

^ Chimie organiqne fondic snr /a Synthhe^ 1 860; and Lcs Carbures 
d'Hydroginey 1851-1901. 

^ Cf* “ Die Valenz.lehre,*’ Ilinrichsen, Sammlung chem, und chem- 
iechnische- Vorlriigty 1902, p. 34, published l)y Enke, Stultgart. 
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by an electric spark, it explodes with terrific violence, and 
a very larjje excess of oxygfen or air is necessary to over- 
come the explosive character of its combustion. A mixture 
of acetylene with only one-fourth of its own volume of 
oxyjjen explodes with j^rcat violence when fired by the 
electric spark. 

Acetylene and all trebly-linked carbon compounds 
behave as doubly unsaturalcd substances, as previously 
indicated; the addition of the added elements or groups 
follows fairly definite lines, as in the case of the ethylene 
series of hydrocarbons. The most marked characteristic 
of these compounds is their power of forming metallic 
compounds. When metallic sodium is heated in a confined 
volume of acetylene, the latter disappears, a brown crust 
is formed over the sodium, and about half the original^ 
volume of gas is left. This residual gas is hydrogen, and 
the brown crust on the surface of the sodium is the metallic 
derivative of acetylene, which under special conditions can 
be obtained as a white powder; it is formed according to 
the equation : — 

cn CNa 

III +Na = III +H. 

CH CH 

Mono’sodium acetyl ide. 

At a higher temperature the second atom of hydrogen 
can be replaced, and di-sodium acetylide, CgNa.^, is formed 
as a white amorphous mass. Potassium acts similarly, 
but it is more remarkable still that heavy metals, especially 
copper and silver, which are in general much less reactive 
than sodium or potassium, form analogous compounds. 
The copper compound is readily obtained as a character- 
istic brown precipitate by passing acetylene through an 
ammoniacal solution of a cuprous salt; the reaction is so 
delicate that o.oi per cent, of acetylene can be detected by 
its means in a gaseous mixture. The silver compound, 
which is yellowish white in colour, is similarly formed. 
Both regenerate acetylene when treated with dilute acids, 
and explode upon heating or percussion, the silver salt 
being by far the more explosive of the two. All hydro- 
carbons containing trebly-linked carbon atoms, and no 
others, form these explosive metallic derivatives. Their 
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constitution is still the subject of discussion, as several 
grades of these substances appear to exist. The simple 
acetylene compounds have the formulae C 2 H.j.Cu.^O and 
CoHg.AggO, and the generally accepted structure Yor the 
former is one or other of the following: — 

C— Cu CH 

III I + H,0 ■ or III 

C— Cu C.Cu—CuOH. 

Copper acelylidc. 

The number of\ these metallic compounds has been 
largely increased during the last few years by employing 
the electric furnace in their preparation, and since by this 
means their production is possible on a manufacturing 
scale, considerable practical interest has been added to 
their theoretical importance. Foremost amongst these 
newer derivatives of acetylene stands calcium carbide, 
essentially on account of its serving as the starting-point 
for the technical preparation of acetylene for illuminating 
’’purposes. They are usually classed together as the 
metallic carbides, being compounds of a metal and carbon 
like sodium acetylide. 

The Metallic Carbides and their preparation in the 
Electric Furnace, — The application of the electric furnace 
to the preparation of acetylene derivatives is an important 
extension of the methods for the preparation of the simpler 
organic compounds. The carbides may be justifiably 
included in either the organic or inorganic branch of 
chemistry, and they offer interesting points of study to 
both divisions. They appeal to the organic chemist as the 
products of the direct combination of carbon with other 
elements, which by their decomposition give rise to 
hydrocarbons. They vary greatly in their stability, some 
being readily and completely decomposed by water, whilst 
others are amongst the most stable compounds known; 
this difference is dependent on the chemical character of 
the elements with which the carbon is combined. 

Calcium carbide is prepared by passing a powerful elec- 
tric current through a mixture of coke and lime. The 
current serves only as a source of heat, and has no 
electrolytic action upon the substances^ concerned ; the 
high temperature thus generated, which is practically that 

4 
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of the electric arc (3700°), effects the combination. This 
takes place with the evolution of carbon monoxide accord- 
ing- to the equation: — 

. CaO + 3 C - CgCa + CO, 

Calcium carbide. , 

A great variety of furnaces have been designed for electro- 
thermic processes of this kind. The form shown in Fig. i 

illustrates the method of 
working adopted in the 
manufacture calcium car- 
bide. The mate.rial of the 
furnace consists of a fire- 
brick casing (A), with a 
lining of magnesia (B), 
shaped so as to provide a 
conical vessel for the re- 
ception of the mixture to 
be treated ; a tapping hole 
is provided at the bottom' 
of the furnace. The elec- 
trodes for conveying the 
current consist of a carbon 
plate (C) placed on the bed 
of the furnace and an ad- 
justable carbon (D). The 
mixture of coke and lime is 
fed in from the top of the 
furnace. The temperature generated on the completion of 
the electrical circuit between the electrodes is sufficiently 
high to fuse the carbide as it is formed, so that it can be 
run off through the tapping hole whilst still in a molten 
state; this allows the process to be worked continuously. 
The carbon monoxide liberated in the decomposition is 
drawn off through a side flue by means of a fan, A 
current of some 2000 amperes and 70 to 100 volts is 
employed, about 6000 to 8000 horse-power hours being 
required for the preparation of a ton of carbide.’ 

’ The manufacture of Calcium carbide is described in: — 

Acetylene. Vivian B. Lewis. 1900. 

Electric Furnaces and their Industrial Applications. ]. Wright. 

1904. 
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Electric furnaces for experimental purposes are similarly 
arranged. In some of these blocks of lime are used in 
preference to fire-brick for the material of the furnace, 
whilst in others the substances to be heated are placed in 
crucibles or in tubes of carbon^ thus avoiding the direct 
action of the carbon of the electrodes on the materials to 
be heated. Also» the position of the electrodes is varied 
according to circumstances, as it is preferable in some 
cases to have them horizontal or at an angle, instead of 
vertical.^ 

Calcium catbideN is quite white when pure, but as 
ordinarily prepared it is a grey, friable solid, very readily 
decomposed by w'ater with the evolution of acetylene 
according to the; equation : — 

Cv CH 

11 ! >Ca + HoO - 111 + CaO. 

“ CH 

By suitable mechanical contrivances this decomposition 
can be regulated, according to the rate of consumption of 
the liberated gat, as required for illuminating purposes. 
When burned in specially constructed burners so as to effect 
complete combustion, acetylene gives a brilliant light, 
equivalent to 240 standard candles when burned at the rate 
of five cubic feet per hour. This is about twelve times the 
illuminating power of good coal gas. There are, how- 
ever, many difficulties in the supply of the gas on a large 
scale, apart from that of cost, but for isolated districts 
where no supply of an illuminant is at hand, and also for 
portable lamps, it undoubtedly possesses advantages on 
account of the readiness with which it can be prepared 
in siiu, 

Moissan has shown that a number of other carbides 
can be similarly prepared.^ The alkalis and alkaline 
earths all yield carbides which are readily decomposed 
by water with the evolution of acetylene, like carbide 
of calcium. The carbides of aluminium and beryllium, 
AI4C3 and BegC, are equally readily decomposed, but the 
resulting hydrocarbon is methane in place of acetylene. 

* C/. 7'ht Elech'ic Furnace* H. Muissan; Uans. by A. T. de Mouilpied, 
1904. 

2 L(K* cit. 
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Were there any technical application for methane, 
aluminium carbide would form an accessible material for 
its preparation ; the decomposition takes place according 
to the equation; — 

Al^Ca + I 2 H 2 O = 4A1{0H)3 + 3CH,. 

The carbides of manganese, uranium, and of certain rare 
metals have also been obtained ; these undergo a more 
complex decomposition when treated with water, yielding 
varying proportions of methane, acetylene, ethylene and 
hydrogen. Uranium carbide forms, in addition, a small 
quantity of liquid and solid hydrocarbons the nature of 
which has not yet been ascertained. * 

Certain non-ipetals also give rise to carbides, which differ 
from the above in being exceptionally stable compounds, 
unaffected by water or by strong acids, and undergoing 
decomposition only when heated with powerful oxidising 
agents at a high temperature. Silicon carbide, SiC, is the 
most important of these; it is prepared in the electric 
furnace from a mixture of coke and sand, and forms 
magnificent lustrous crystals which approach the diamond 
in hardness. Under the name of carborundu7}i it has been 
successfully introduced as an abrasive.^ 

Further Considerations regardmg the Structure of Un» 
saturated Cofnpounds, — The structure of the saturated 
compounds of the aliphatic group, based on the law of 
the linking of atoms, is clear and complete; no further 
hypotheses are involved, and any speculations regarding 
the methods of linking between their carbon atoms can 
be readily put to the test of direct experiment. 

The constitutional differences between unsaturated and 
saturated compounds are fairly satisfactorily represented 
by means of double or triple bonds; this is a ready ex- 
pression of their relative chemical character. The real 
conditions of combination which such multiple linkings 
represent is, however, far more difficult to ascertain. 
From the formulae for ethylene and acetylene, as compared 
with that of ethane, the conclusion might be drawn that 
the carbon atoms in the former are united to each other by 

^ Cf, The Carborundum Furnace,” F. A. J. Fitzgerald : Electfo^ 
chemical Industry^ 1906, iv. 53; and “The Manufacture and Uses of 
Carborundum,” y. Sqc, Chem» Ind^ l897> xvi. 863. 
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a stronger force than in the saturated molecule ethane; 
that two singly-linked carbon atoms represent a less stable 
condition than when they arc doubly-linked as in ethylene, 
and that the two trebly-linked atoms in acetylene point to 
it as the most stable of the three compounds. But this is 
not in accord with the chemical character of the unsatiirated 
hydrocarbons. Unsatiirated compounds are typically less 
stable than saturated, and are especially liable to change 
at that part of their molecule where there is a double or 
triple link between the carbon atoms. Compounds con- 
taining trebly-linked carbon atoms are also characterised 
by their explosive'" nature. Silver and copper acetylide 
explode readily when heated, and when the number of 
trebly-linked carbon atoms in a molecule is increased the 
instability becomes markedly more pronounced. An acid, 
for instance, is known containing four pairs of trebly- 
linked carbon atoms: — 

COOH— C-C— C^C— C==C-‘C-C-COOH. 

Tetra-acctyicne dicarboxylic arid. 

This substance Is highly explosive, and is decomposed in 
a few minutes on exposure to light. Another factor may, 
however, influence the instability of such compounds — 
namely, the ease with which they can break up into simple, 
stable molecules. For instance, under certain conditions 
silver oxalate, which contains two singly-linked atoms of 
carbon, is violently explosive ; but it can break up com- 
pletely into the simple molecules of silver and carbon 
dioxide as represented by the equation : — 

“ 2CO2 + Ag 2 . 

and this is probably the reason for its explosive character. 
Similarly, the above acid can break up almost completely 
into carbon and carbon dioxide. 

The formation of acetylene at the temperature of the 
electric arc appears to stand in direct opposition to the 
relative instability of unsaturated compounds. Its stability 
at high temperatures is shown not only by its direct 
formation from carbon and hydrogen, but also by the fact 
that it is produced by the incomplete combustion of other 
hydrocarbons, and by subjecting many organic compounds, 
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such as ethyl alcohol, and ether, to prolongfed heating* at 
I000^ As already stated, the presence of a large excess 
of hydrogen is essential for the formation of acetylene in 
the electric arc, and it was until recently regarded as the 
onjy hydrocarbon that could be thus obtained directly from 
the elements. Accurate experiments by Bone and Jordan^ 
have, however, proved that methane and ethane, as well 
as acetylene, are formed by the direct union of carbon and 
hydrogen in the electric arc, and that by continuing the 
passage of the arc a state of equilibrium between the 
hydrogen, methane, ethane, and acetylene is finally estab- 
lished. This same equilibrium between the four gases is 
reached when the electric arc is similarly produced in an 
atmosphere of either methane or of acetylene, and corre- 
sponds to a mixture containing from 7 to 8 per cent, of 
acetylene, 1.25 per cent, of methane, 0.75 per cent, of 
ethane, and 90 to 91 per cent, of hydrogen. At a lower 
temperature, 1 200“, methane alone results by the direct com- 
bination of carbon and hydrogen, and this to the extent of 
about one per cent, of the hydrogen present ; no acetylene 
or other unsaturated hydrocarbon is formed at this 
temperature. The explanation of the formation of 
acetylene at the temperature of the electric arc is to 
be sought in the influence of heat on the decomposition 
of hydrocarbons. The tendency of increasing tempera- 
ture is towards their complete decomposition into carbon 
and hydrogen, probably, as already stated, owing to a 
decrease in the valency of carbon ; this involves a gradual 
loss of hydrogen, and therefore hydrocarbons, rich in 
carbon and poor in hydrogen, such as acetylene,- are to 
be expected at high temperatures as intermediate pro- 
ducts. The complete decomposition is prevented by the 
presence of an excess of hydrogen, just as the presence ot 
chlorine stays the dissociation of phosphorus pentachloride 
into the trichloride and free chlorine. This view is indi- 
cated by the equilibrium established when either methane 
or acetylene is heated in the electric arc; in both cases 
carbon and hydrogen are separated, but acetylene, 
methane, and ethane are formed respectively at the same 
time. The absence of ethylene under these conditions 

^ Chem, Soc,j 1897, Ixxi. 26; and 1901, Ixxix. 1042. Cf, also Pring 
and Hutton, /. Chem, 1906, Ixxxix. 1591. 
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is most probably accounted for by the fact that its com- 
position allows of the ready formation of methane and free 
carbon, or of acetylene and hydrogen, according to the 
equations: — 

C^IT, - ClTj + C and CJI., - H. 

The occiuToncc of such decompositions is supported by 
the observation that both methane and acetylene are formed 
when ethylene is exploded with an insufficiency of oxygen.^ 
Also, recent experiments by Bone and Coward^ have proved 
that methane is formed by the thermal decomposition of 
ethane, ethylene, 's and acetylene in an atmosphere of 
hydrogen at temperatures between 800“ and 1200“, and 
that it is by far the most stable of these four hydrocarbons 
between these temperatures. 

The evidence as to the condition of combination repre- 
sented by a double or treble bond points to a less stable 
molecular condition than exists with singly-linked carbon 
atoms, and to the presence of some residual combining- 
pow’er or “residual affinity” in molecules containing such 
multiple linkings. Were the real nature of the force 
known which holds the elements of a molecule together, 
the force of chemical affinity^ a more complete and quantita- 
tive relationship of these different methods of linking 
would be possible. The knowledge regarding the nature 
of chemical affinity is, however, as yet, too purely specula- 
tive to be of value in elucidating these relations; nor are 
there any means by which, despite this ignorance of its 
nature, it can be measured directly. By indirect means, 
however, it is possible to measure the energy manifested 
in the formation and decomposition of molecules — chemical 
energy or chemical affinity. Like all other forms of 
energy, it plays its part in the great principle of the 
conservation of energy; it can be transformed into heat, 
kinetic energy, or electrical energy, or can result from 
any of these, and in all these changes there is a definite 
quantitative relationship. In order to measure chemical 
energy indirectly, the only available method, it must be 
transformed into some other kind of energy, and as it 
passes most easily and completely into heat, its measure- 

' Lean and Bone,/. Chem, Scr.f 1892, Ixi. 873. 
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ment is effected in terms of the heat changes that accom< 

pany chemical processes. 

Thermochemistty^ is the branch of the science that deals 
with such measurements ; it gives a means of approaching 
a relative estimate of the forces concerned in the formation 
of saturated and unsaturated compounds. 

The Thermochemical Relations of Saturated and Un-- 
saturated Hydrocarbons. — The quantities of heat evolved or 
absorbed in chemical changes can be measured either 
directly or indirectly. In the formation of inorganic com- 
pounds the changes involved are, as a rule, complete and 
rapid ; in such cases a direct measurement of the accom- 
panying heat changes can be made. The reactions 
concerned in the formation of organic compounds, on 
the other hand, proceed gradually, generally at a high 
temperature, and are usually incomplete owing to the 
occurrence of secondary reactions, which lead to the 
formation of by-products; hence indirect thermochemical 
methods must be employed. Of these the only one used in 
practice is that of complete combustion. This rests upon a 
fundamental principle of all thermochemical processes, 
the law of “constant heat summation” (Hess, 1840), 
according to which the development of heat in chemical 
reactions is alone dependent upon the initial and final 
stages; it does not matter in however many stages this 
heat may be communicated, the final result is the same. 
It is thus possible to arrive at the heat of formation of 
organic compounds by determining the heat evolved in 
iheir combustion, Heat quantities are measured in terms 
of the calorie: one calorie is the quantity of heat required 
to raise the temperature of one gram of water from o® to 
ibo* Centigrade, and it is represented in thermochemical 
equations by the letter K. 

The products of complete combustion of hydrocarbons 
are carbon dioxide and water; from the above it is neces- 
sary to know the heat of formation of the latter compounds, 
in order to arrive at that of the former. 

. ^ An account of Thermochemistry will be found in the following 
works;-- 7 i 4 e Elements of Thermal Chemishy^ Muir and Wilson, 1S85 ; 
Outlines of General Chemistry ^ Ostwald, translated by Walker, 1890; 
Thermochemistry^ J. Thomsen, translated by K. A. Burke, 1907 ; 
Introduction to Physical Chemistry^ Walker, fourth edition 1907. 
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When hydrogfen and oxygen combine to form water, 
683 calories of heat are evolved for every 2 grams of 
hydrogen burned. This is expressed by the Ihermochemical 
equation: — 

H 2 + O - lip + G83K. 

The water formed is retained in the liquid state at a mean 
laboratory temperature of 18*; in all thcrmochemical 
changes it is necessary thus to state the exact conditions 
under which the measurements are made. The formation 
of carbon dioxide from the purest form of carbon, the 
diamond, is accompanied by an evolution of 943 calorics 
for every 12 grams of carbon burned one gram 

equivalent): — 

C -f- O 2 - CO 2 + 943K. 

The intrinsic molecular energy of the elements carbon, 
hydrogen, and oxygen is regarded as zero in these equa- 
tions; there is no means of determining it. The values 
given above for the heat of formation of carbon dioxide 
• and water represent only the difference between the 
intrinsic energies of the compounds and that of the com- 
ponent elements. 

In the combustion of methane 2,138 calories are evolved 
for every gram-molecule equivalent {t6 grams) burned ; the 
complete energy equation for the change is therefore: — 

CH 4 4 . 2 O 2 «= CO 2 4- 2 H 2 O 4 2138K. 

Since, according to the law of constant heat summation, 
it is immaterial for the total thermic value of the change 
whether these products are formed directly from the 
elements or indirectly through hydrocarbons, the differ- 
ence between the heat of coml 3 ustion of methane and that 
of its elements must be equal to the heat of formation of a 
gram-molecule of. the former from solid carbon and 
hydrogen gas. This is calculated as follows: — 


2H.?a™’H.O+L (.Mk) ' 211,0 + 2»K. 

CH4-h20o --CO 2 4-211,0 + 2 138K. 


lira/ of formation of methane 

from the elements C,2H2 - CH4 + 1 7 1 K. 
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Many unsatiirated hydrocarbons have a gfrcater heat of 
combustion than the carbon and hydrog^en contained in 
them. The thermochemical equations for the combustion 
of ethylene and acetylene are : — 

C,lli -H 30., - 2CO. 211,0 ^ 3331K. 

CgH, + no* - 200, + H,0 4- IJIOOK. 

Subtracting- the calories of heat evolved in the formation 
of the number of molecules of carbon dioxide and water 
that result in each case, the following- negative values arc 
left as representing the heats of formation of these hydro- 
carbons : — 

C2,H4, = C2H4 - 82 K. C,,H2, - CoHa - 53 IK. 

These quantities of heat arc therefore absorbed in the 
formation of ethylene and acetylene from their elements. 
Compounds which thus require heat for their formation 
are called endothermic; they are always comparatively 
unstable, decompose with the evolution of heat, and can 
only be prepared directly from their elements at a high 
temperature. Exoihertnic compounds, on the other hand, 
the formation of which is accompanied by an evolution of 
heat, such as methane and by far the largest proportion of 
all chemical compounds, are stable at ordinary tempera- 
tures, but are often decomposed on heating. 

These preliminary considerations will suffice to indicate 
the method by means of which the chemical energy of 
organic compounds is measured. In order to arrive at a 
comparison of the energies with which singly, doubly, 
and trebly linked carbon atoms are held together, it is 
necessary to study the thermic changes that occur in the 
passage from one to the other of such conditions of com- 
bination amongst a suitably selected series of compounds. 
The most complete comparison is given by calculating 
such heat changes as accompany the loss of two hydrogen 
atoms in the formation of, say, ethane from two molecules 
of methane, ethylene" from ethane, and acetylene from 
ethylene respectively, as represented by the equations: — 

Cll, + CH, = C2H, + H,. ‘ 

C2H, - C2H4 -H H2. 

C2H4 C2H2 + H,. 
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These reactions are not feasible in practice, but it is never- 
theless possible to ascertain the chang^cs of energ^y by 
which they would be accompanied. 

In the first reaction, two carbon atoms not previously 
united become linked by a singfle bond, in the second 
singly-linked carbon atoms become linked by a double 
bond, and in the third the double bond passes into a 
triple bond. In accepting such changes as a basis for the 
comparison, it is assumed that the force with which an 
atom of hydrogen is united to one of carbon is actually 
the same whatever the conditions of combination of the 
remaining carbon br other atoms of the molecule. Several 
methods have been adopted for the calculation of the heat 
changes involved in such reactions,^ and although the 
resulting figures for the relative intrinsic energy of singly, 
doubly, and trebly-linked carbon atoms are not free from 
criticism, they may be accepted as proving beyond a doubt 
that the force with which doubly or trebly-linked carbon 
atoms are held together is not two or three times as great 
respectively as that acting between two singly-linked 
carbon atoms. As a matter of fact, it is considerably 
less, and, further, the difference between the force uniting 
singly and doubly-linked carbon atoms is not the same as 
that between doubly and trebly-linked atoms. This relative 
estimate allows of the definite conclusion that there is 
a constitutional difference between single and multiple 
linking, which is not apparent from purely chemical con- 
siderations, and that the successive formation of single, 
double, and triple bonds is not a repetition of one and the 
same process. It goes but a short way, however, towards 
the full solution of the problem ; this must await a more 
thorough knowledge of the nature of chemical affinity. It 
will be shown in Chapter XII. that considerable light is 
thrown on the instability of the unsaturated compounds by 
a study of the tension which occurs in the carbon molecule 
when the direction of the affinities deviates from the 
normal, as based on the stereochemical relations of 
organic compounds. 

* Cf. Dicffenbach, Z, physik, Chevu^ 1890, v. 569; Horst mann, 
Berichte^ 1888, xxi. 2,211; Thomsen, Z^, pkysik. Chem.y 1887, i. 369, 
and 1891, vii. 55; VanH Hotf, Lectwes vu Theoietical and Physical 
Chemistry^ 1899, part iii. p. 100, 
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THE CYCLIC HYDROCARBONS. 

Saturated Cyclic Hydrocarbons: — Trimcthylene, its structure and 
relation to aliphatic hydrocarbons. 

The Aromatic Compounds: — Benzene. — The substitution products 
of benzene: isomerism amongst aromatic compounds—The 
structure of benzene— -The bearing of the physical properties 
of benzene and of its derivatives on the structure of the 
benzene ring— The orientation of aromatic compounds. 

Cyclic compounds comprise the substances the molecules 
of which contain a closed chain or ring of carbon atoms. 
As already stated, they may be conveniently grouped in 
two divisions: the Isocyclic compounds^ in which the ring 
consists of like atoms only, and the Heterocyclic com-> 
pounds^ in which, together with carbon, other atoms, such 
as nitrogen, sulphur, or oxygen, are present. 

The structure of the latter is essentially based upon 
that of the isocyclic compounds, and apart from intrinsic 
differences that naturally arise from the substitution of the 
carbon atoms by other elements, the study of the most 
important heterocyclic substances has in many respects 
consisted in an application of the knowledge derived from 
the investigation of isocyclic compounds. For this reason, 
as also on account of the more simple structure of isocyclic 
compounds, this chapter will be restricted to their con- 
sideration. 

In aliphatic compounds there is no limit to the number 
of carbon atoms that are capable of uniting to form a 
continuous chain; saturated hydrocarbons up to 
are known. Cyclic compounds offer a marked contrast in 
this respect. Compounds are known containing rings of 
3> 4* 5) 6, 7, and 8 carbon atoms, but it is unlikely, as the 
result of experiment as well as of theoretical deductions, 
that closed-chain compounds with more than eight carbon 

6o 
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atoms in one ring can exist, although much larger hetero- 
cyclic rings are known. ^ Each of these closed chains 
of carbon atoms, combined with hydrogen as hydro- 
carbons, is the starting-point for an homologous series, 
and therefore the range and number of the isocyclic 
substances is in no way inferior to that of the aliphatic 
compounds. 

By far the best known and most thoroughly studied of 
these cyclic compounds are those containing a ring of six 
carbon atoms, benzene and its derivatives. These consti- 
tute the well-char'^cterised group of aromatic or bensenoid 
compounds^ and until about thirty years ago very few other 
cyclic compounds were known. More recent investigations 
have, however, introduced many methods for preparing 
other closed-chain compounds of great variety and com- 
plexity. These methods have led to the synthesis of 
substances of technical value, and in addition have had an 
important bearing on many points of theoretical interest, 
such as the stereochemistry and other isomeric relations of 
cyclic compounds. 

Saturated Cyclic Hydrocarbons . — Trimethylene is the 
simplest cyclic hydrocarbon. It has the formula Cgll^, 
and is therefore an isomer of propylene, the honiologue of 
ethylene; like propylene, it is a gas which burns with a 
brightly luminous Hame. Although it has the empirical 
formula of an unsaturated compound, its chemical 
behaviour is far more akin to that of a saturated aliphatic 
substance. It is considerably more stable in every respect 
than ethylene; chlorine forms a substitution, not an iiddition 
product, and it is more stable towards oxidising agents 
than unsaturated aliphatic compounds. As a closed- 
chain compound, there is only one possible formula for 
trimethylene: — 



^ Cf, R. Meyer, Annalen^ 19061 cccxlvii. 17. 
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The divalent group CH^ is called methylene^ hence the 
above nomenclature. 

Although trimethylene forms' a substitution product with 
chlorine, it can, under favourable conditions, be converted 
into saturated open-chain compounds by addition, as is the 
case with ethylene and its homologues ; but the structure 
of the resulting products is the most satisfactory proof 
that the carbon atoms in the trimethylene molecule are 
linked together in a closed chain by single bonds. It is, 
for instance, far more stable towards bromine than its 
isomer propylene, but in presence of sunlight combination 
occurs and trimethylene bromide results, a compound 
having the added bromine atoms attached one to each of 
the end carbon atoms of the propan^e chain, and which can 
be reconverted into trimethylene by the action of sodium : — 

yCHg yCH.Br 

CH/ I + Br. « CH2< 

\CH, \cH2Br 

Trimethylene. Tiimethylenc Bromide or 

Symmetrical dibrompropane. 

Propylene, on the other hand, combines most readily with 
bromine, like all unsaturated compounds, but the added 
bromine atoms are attached to adjacent carbon atoms: — 

CH3— CH«CHjj + Br2 - CHg-CHBr— CHgBr 

Propylene. Unsymmetrical dibrompropane. 

This reaction at once points out the difference in structure 
between the two hydrocarbons. 

Another feaction ^jbaracterieitic of the unsaturated hydro- 
carbons is that of ^potassium permanganate in alkaline 
solution; which oxidises the hydrocarbon, attacking the 
ethylene linking. When this ruction is applied to tri- 
methylene, the oxidation only tak^ place slowly, indicat- 
iog a greater stability than is found in the unsaturated 
compounds. The fact that oxidation does occur shows, 
however, that trimethylene does not possess quite the 
same degree of stability as the saturated aliphatic hydro* 
"carbons. 

The simplest cyclic compounds containing four and five 
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carbon atoms are the hydrocarbons tetramelhyknc^ 

Mvk pentamelhylene, — 

CH„ - CH„ 

I ■ I 

CH, CH., 

/ 

CH2 

Pcntainetliylene. 

Like trimethyicne compounds, these do nol possess the 
characteristics of unsaturated molecules, although they 
are isomeric with butylene and pentylene respectively: — 

CH3.CH2.CH - CIL, CH3.CH2.CII2.CH - CH2 

liulylene. Pcnlylenc. 

They are, in point of fact, considerably more stable than 
the triinethylene group, but, like the latter, present many 
’analogies in their chemical behaviour to saturated aliphatic 
compounds. 

These three hydrocarbons contain two hydrogen atoms 
less than the corresponding compounds of the paraffin 
series, but they are saturated compounds, since the 
carbon valencies that would otherwise be fre^, serve 
to unite the three, four, or five carbon atoms in the 
form of a closed chain. The foimution of such closed 
chains, which involves a loss of two atoms of hydrogen, 
is not accompanied by any marked change in the 
chemical character^.^ither of the hydrocarbons or of 
their derivatives,; and hence the name of Alicyclic corn- 
pounds has been given tt> ^them. When, therefore, the 
group: — 

H.CH2—CH3—CH2.IL passes into CH2— CHg -CHg 

* I I 

Projiane, CalL- Trimelhylenc, 

or Cyclo-propanc. 

the typical properties of an aliphatic compound, its 
“aliphatic character” is preserved. The name Cycl(h 
propane expresses this relation. 


CHo -CH, 

I ‘ 1 ■ 

Tctramclhylenc.’' 
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The sjx carbon atom analogue of these alicyclic com- 
pounds is hexamethylene, — 


Clio 



CII2 , 

llcxamelhylenc. 


This compound is of special interest as the reduction 
product of benzene, which latter appears at once, 

from the above considerations, as an unsaturated cyclic 
compound. 

The Aromalic Cofnpounds: Benzene, — From the time of 
Liebig and Wohler’s investigations on the “Radical of 
Benzoic Acid’* onwards, numerous experimental inquiries 
were carried out amongst aromatic compounds, but no 
attempt was t]nade to deduce their constitution until the, 
publication c# KekuliS’s benzene theory in 1865. This 
theory was the crowning achievement of the new chemistry 
initiated by KekultS, the chemistry of the stiriicture of 
compounds based on the doctrine of the linking of atoms. 
Kekul^’s conception of benzene as a closed chain of six 
carbon atoms threw a flood of light on the whole group 
of aromatic compounds. The special characteristics of 
benzene and its homotogues^ the isomeric relations . of 
their derivatives and the fundamental differences between 
aromatic and aliphatic compounds, were explained and 
correlated by the new hypothesis. * Under its influence 
the chemistry of the aromatic compouncis has developed 
to one of the |nost accurately investigated and fruitful 
branches of the whole of chemisftry. 

Benzene was discovered by Faraday in 1825,^ argsongst 
the products of distillation of oila and fats, prepared by 
the “Portable Gas Company.” ‘ "Inis company distributed 
compressed oil-gas for illuminating purposes in iron 
cylinders, which were placed in the cellars of the houses 
and there attached to the pipes for use. In order to fill the 
cylinders the gas was passed from the gas-holders under' a 

^ ThiL Ti-anSfi 1825, pi 44O1 
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pressure of about thirty atmospheres into a large, strong 
receiver and thence by pipes into the portable vessels. A 
considerable quantity of liquid products was found to 
accuiniilatc in the receiver. These were examined by 
Faraday, who succeeded in isolating benzene from the 
mixture and in determining its composition and physical 
properties. 

To-day, coal tar is the chief source of benzene and its 
homologues.^ Benzene is a colourless, highly refractive 
liquid, lighter than water, and boiling at 8 o“. 2. When 
cooled in a freezing mixture it solidifies to a crystalline 
mass which milts at 5‘'.4. The most marked chemical 
characteristic of benzene is it| stability, it is only with 
the very greatest difficulty tTrat it can be resolved into 
simpler substances, whilst it remains as the final de- 
composition product of its numerous homologues and 
derivatives. Moreover, as compared with the saturated 
aliphatic hydrocarbons, it is a very reactive substance. 
Nitriq, acid and sulphuric acid readily form substitution 
products, and botb^chlorine and bromine act upon it more 
easily than they do upon the paraffins, to produce halogen 
substitution compounds. On the other hand, benzene 
behaves similarly to an unsaturated, open-chain hydro- 
carbon under certain conditions. For instance, when 
chlorine is passed into benzene at a moderately high 
temperature, or in presence ^ j 4 i*'ect sunlight, an addition 
product of the formula ffesults — benzene hexa-- 

chloride — though the additioh tl$es place very much less 
readily than in the case of th% jinsaturated aliphatic com- 
pounds. ' Many silkier addition compounds of benzene 
and its homolog:]ue^"\je known and, as in the case of 
unsaturated aliphatic '^cotiipounds, an even number of 
univalent atoms are alwa« added at a time — two, four, 
or six atoms of chlorine, bromine, or hydrogen, to form 
compMnds of the general formulae and 

In no instance more than six such atoms 
added ; hexamethylene, for example, the hexahydride of 
benzene, or is the final reduction product. 

It is these products that have led to the view that the 
linking of the atoms in benzene and its derivatives must 
differ from that of the compounds hitherto considered. 

^ Cy. Chap. yii. p. ill. 
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The Substitution Products of Benzene ; Isomerism amongst 
Aromatic Cotnpounds, — According to Kekuld’s benzene 
theory, the six carbon atoms of benzene which form the 
nucleus of all arom^atic compounds are linked together by 
alternate single and double bonds to form a closed chain 
or ring. Each carbon atom has under these conditions 
one valency unsaturated, and these are combined with 
hydrogen, in benzene, to form * 

II 

I 

C 


“"I- 

ll-ci 


c 
I 

H 


C-- 1 I 

C-II 


Kekulc^s Benzene roniuiln. 


That each liydrogen atom in benzene is connected with 
one carbon atom, as represented in this formula, has been 
conclusively proved.by the number of substitution products 
that can be formed when one or two of the six hydrogen 
atox^ are substituted by a univalent, element or group. 
Kbkul6 pointed out that o^ng to the symmetrical relation 
of ithe six hydrogen atdtf& in his benzene formula only 
one monosubstitutioil^roduSt, such as monobrombenzene, 
QHgBr, should exist, there should be three di- 

brombenzenes, C^jH^Brg.' This prediction has been fully 
confirmed, by direct experllhent, by.L^denburg and' others, 
the process adopted being akin ''W that employed in 
proving the symmetry of the methlhe molecule.^ 

The isomeric relations of the aromatic compounds are 
most simply stated and studied by represe^nting the 
benzene nucleus as a regular hexagon, the ' angles of 
which are numbered from i to 6 ir— 



Benzene Hexagon. 


^ Chap. ii« p. 23. 



THE CYCLIC HYDROCARBONS. 


67 

The symbols C and H are omitted for the sake of simplicity, 
and also the alternate double bonds between the carbon 
atoms. Monobroinbenzenc is written g-raphically thus : — 



M onobrombcnzene, CijHs. Br. 

This represents bbnzene in which one atom of hydrogen 
is replaced by bromine. Since benzene has been proved 
to have a symmetrical structure-, it does not matter which 
of the six hydrogen atoms is replaced by the one atom of 
bromine ; the same product must result in all cases. When 
a second hydrogen atom is replaced, three, and only three, 
isomeric substances can be formed theoretically, and this 
again accords with the experimental results. Supposing 
the first substituent is at i, the second bromine atom can 
occupy any of the positions 2 to 6, thus : — 


Br Br IW 



IV. V. 


A little consideration ^11 show that the formulas 1. 
and V. are identical, and also II. and IV.; in the former 
the bromine is attached to adjacent carbon atoms, and in 
the latter to carbon atoms separated by one carbon atom of 
the ring. In order to distinguish these three isomers by 
name, the prefixes oriho^ and para^ introduced by 
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Korncr' (1867), arc employed. When these prefixes were 
first applied to aromatic compounds their structure was 
unknown, and hence the prefixes have no special genetic 
significance ; at that time there was no idea of establish- 
ing any structural relationship between compounds to 
which the same prefixes applied. For instance, the sub- 
stitution products obtained directly from aniline were 
originally not given any differentiating prefix, and the 
others were called *‘para*' compounds; the discovery by 
Korner of a third isomeric disubstitution product of benzene 
led him subsequently to introduce the prefix “meta” to dis- 
tinguish it from its two isomers, and at the same time he 
suggested the name “ ortho ’’-compounds for the original 
series to which previously no prefix had been applied. Sub- 
sequently the structure of the compounds became known, 
and these prefixes were then used to denote the relative 
positlt)ns of the substituents in the benzene ring. Com- 
pounds in which the substituents are adjacent are, now 
called ortho-compounds^ and are said to have ^their sub- 
stituents in the ortho or 1:2 position (Formulae I. and 
V,), the 1:3 compounds are the meta (F'ormulae II. and 
IV.) and the 1:4 compounds the para (Formula III.). 
,Thfse positions, it is to be remembered, are purely 
relative ; the numbering of the hexagon can, of course, 
begin at any of the angles, and therefore 1:2 is the same as 
6:1 or 2:3, etc.; 1:3 is equivalent to 2:4 or 4:6; and finally, 
1:4, 2:5 and 3:6^pre identical. When more than two 
atoms of hydrogen are replaced, and especially when the 
substituents are different, the conditions of position 
isomerism become more complex ; tb^thus, whilst' there are 
three tribrombenzenes, C^yHaBr^, there are six mononitro- 
dibrombenzenes, C^HgBrgNO^ 

The nomenclature of the simltitution product^; of benzene 
is based on the relative position of the substit^nts in the 
ring; the hexagon itself is not written, but sfmply figures 
indicating the relative^ gdlsition^pf the substituting atoms 
or groups. With diri^stitiitim products, the prefixes 
ortho, meta, and pata^re usecr, or their initial letters a, 
and p. A few examples will illustrate this method, and 
may be useful for reference: — 

^ ** Fails pour servir ^ la determination du lieu chimique clans la st^rie 
aromalique,’ 615. 
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,Br (i 

QH/ 

"Br (2) 

OrtliO'dibrombenzcHc, 
o: Dibrombenzene. 
i : 2 Dihrombenzene, 
Dibrombenzene [i : 2]. 


C,n,(-Br (3) 
^Br (5) 

Mono-nit 7 odibromh.nzcne^ 

[NOa: Br:Br = i: 3 : 5 ]- 
Afononitroy 3 : $ diLi om- 
benzene. 


.OH(i) 
.;^OH (2) 


•CBr (3) 
\Br. (4) 


DihydroAydibrom - 
benzene. 


[OH: OH; Br : Br 
=1: 2:3:4]. 

I ; 2 Dihydroxy — 
3 ; 4 dibromben- 


zene. 


The homolog'ue^ of benzene arise when one or more of 
the hydrogen atoms are replaced by a hydrocarbon radical 
such as methyl or eth)d: — 



Afeihylbenztne or Meta-dimethylbenzene , EthylbemenCy 

Tohuney CeH«. CH, or CeH 4 <^|p ^ C^lh, C.U, 

Meta-xylene. '31 


These substituting groups are called side chains; they 
do not form an essential part of the benzene ring, and are 
comparatively easily eliminated, leaving the benzene nucleus 
intact. Their presence gives rise to an additional isomeric 
relation, for their hydrogen atoms can b€ replaced as in the 
case of the paraffins. Thus, the first homologue of benzene, 
methylbenzene or toluene^ C^H^XHa, forms four isomeric 
monobromderivatives — namely, three monobromtoluenes, 
C0H4.Br.CH3, as with any disubstitution product of 
benzene, and, in addition, a compound of the formula 
CgHg.CHjBr called benayl bromidcy the univalent radical 
CqHgCHj, being known as benzyl. Such side-chain sub- 
stitution products differ from thpse^in which a hydrogen 
atom in the benzene ring ^ repia^eiTboth in their methods 
of preparation and prope^ies. i 

The Structure of Benzene, — Th6 formula proposed by 
Kekul<S for benzene (p. 66), in which the carbon atoms are 
united by alternate single and double bonds to form a 
closed ring, is not entirely satisfactory. The fact that the 
•carbon atoms are disposed inl^^eTorp\^^^, closed chain 
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is amply proved by the Qo^nditioiis of isomerism amongst 
aromatic compounds, the relation of benzene to its homo- 
logues, and the marked stability of the benzene nucleus. 
It is further supported by numerous syntheses of benzene 
derivatives from open-chain compounds, and is accepted by 
all chemists as the basis for the structure of benzene. But 
the assumption that benzene contains unsaturated ethylene • 
linking's, as represented in the Kekul^ formula, is contrary 
to many of its properties, and hence a number of alternative 
formulas have been put forward. Any structural formula for 
benzene must, of necessity, fulfil the conditions which have 
led to the acceptance of the regular hexagon, as the partial 
representation of the constitution of the hydrocarbon. On 
examining the hexagon formula for benzene, it is seen 
that three of the four affinities of each carbon atom are 
satisfactorily accounted for; the difficulty is to account for 
the fourth affinity. Although endless suggestions have 
been made, more or less supported by experiment, there 
is at present no formula for benzene which fully expresses 
its properties and the isomeric relations of its derivatives. 
A sketch of the merits of the most important of the pro- 
posed formulas may serve to indicate the difficulties of the 
problem and the methods that hav^ been employed in 
attacking it.^ 



Simple hexagon formula for benzene. KekulPz benzene formula. 

A comparison of thiir ^mple hexagon formula with the 
structural formula pi; 0 p^ed by"Kekul6 shows how this 
fourth carbon affinity is disposed in the latter — viz., in the 
formation of three double bonds in the molecule.. The 

^ For a fuller account of this subject see ‘'Die Bensoltheorie ” by 
Marckwald, Sammlu^g chein.-Uchniscker ybrlr/ige, 1897, 

published by Enkci^ #tu^|8iurt« 
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formation of the addition products of benzene is easily 
represented on this formula. In these compounds it will 
be remembered that addition products containing two, 
four, or six atoms of hydrogen or chlorine, but never 
more than six atoms, can be formed. If the alternate double 
bonds between the carbon atoms are successively attacked, 
say by hydrogen, such addition products would result, 
and three hydrides of benzene would be formed having 
the following formulae; — 



H 11 


'"-cIL y>c<\l 


11 H 

\/ 

C 




Dihydrohcnzem^ Tctmhydrobcnztnc Ihxahydrohenuut 

(Hexameihyiene). 

Similar addition products are, of course, obtainable from 
the derivatives of benzene, and the methods of formation 
and properties of such compounds have been thoroughly 
investigated, especially by von Baeyer, who made an 
exhaustive study of the addition compounds obtained from 
the three benzene dicarboxylic acids (phthalic acids); his 
conclusions apply to all similarly constituted compounds, 
such as the above simple hydrides. When two atoms of 
hydrogen are added to a benzenoid compound, the result- 
ing substance possesses all the characteristics of a com- 
pound containing two double bonds ; it readily takes up four 
atoms of bromine, or two molecules of hydrobromic acid to 
form a saturated cyclic convpound, and is attacked by 
oxidising agents. Similarly, when four atoms of hydrogen 
are added, the resulting tetraliydride resembles ethylene or 
any similar compound containing one double bond, in its 
chemical behaviour, and finally a completely reduced 
benzene ring like the hexahydride, hexamethylene, behaves 
like a saturated cyclic (alicyclic) compound, and is distinctly 
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aliphatic in character. These conclusions may be summar- 
ised as follows : — 

CcH,,H, 

Hcx^hydrobeuzeuc Tetrahydrobenzene Dihydrobenzenc 

(no double linking). (one double Unking). (Iwo double linkings). 

It would therefore be expected that benzene itself should 
behave as if it contained three double linkings, as repre- 
sented in Kekul<i’s formula. As was mentioned above, 
benzene can under certain conditions be induced to take up 
chlorine, etc., with the formation of addition compounds, 
but these compounds are formed only with difficulty, 
whereas dihydrobenzene and tetrahydrobenzene combine 
with halogens with great avidity, acting precisely like 
unsaturated aliphiitic compounds in this respect. 

Further, the halogen acids such as hydrobromic acid are 
entirely without action upon benzene, although they readily 
form addition compounds with dihydrobenzene and with 
tetrahydrobenzene as with unsaturated aliphatic com- 
pounds. Whilst, therefore, the one or two double bonds 
in the reduction products of benzene represent a condition 
of combination analogous to that in ethylene, the three 
double bonds in benzene itself, as represented in Kekul6’s 
formula, in no way serve to interpret the properties of the 
simple hydrocarbon. The function of the double bonds 
in benzene must accordingly be essentially different from 
that in its reduction products, or in ethylene and its 
homologues. 

There is a further objection to the formula. The positions 
1 : 2 and i : 6 are< not identical : — 

I 

2 
3 
4 

The carbon atoms i and 2 are connected by a double bond, 
whilst 1 and 6 are connected by a single bond. Hence 
1.2 dibrombenzene should, for instance, differ from 1.6 
dibrombenzene ; there should therefore be four di-substitu- 
tion products of ben^e instead of three. This argument 
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was brought against Kekul^’s formula at an early date, 
and he met it by an extension of his original idea expressed 
in what is generally known as Kekul^’s oscillation fonnula 
for benzene, in which it was assumed that the benzene 
molecule oscillated between the following two formulcC : — 


I 1 


6| »|2 

6.^^ 2 

.-uxl 

1 



4 \ 

4 

With this assumption the difference between the two 

positions 1:2 and 1:6 vanishes, 
and 11. for a dibrombenzenc: — 

and the two formulaj I. 

Lr 

1 

lir 

1 

1 

C 

1 

C 

w—cr ^C— Kr 

C-II 

and 


-11 

u -c'»s^ 

C 

1 

1 

1 

H 

1 

11 


I. II. 


represent really one and the same ortho-compound. 
This interpretation wull be more appropriately considered 
in connection with dynamic isomerism (Chapter XIV.). 

The relation of benzene to its reduction products led von 
Bacyer (1888) to a different conception of the structure of 
the benzene molecule, expressed graphically by his centric 
formula^ whichliad been previously suggested by Armstrong 
(1887):- 

u 

-11 

c 

I 

H 

Centric formula for benzene. 
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In this formula one valency of each carbon atom is 
supposed to be directed towards the centre of the ring, 
and the six valencies are assumed to neutralise each other, 
owing to the symmetrical position of the carbon atoms. 
These valencies are, according to this representation, only 
called into evidence when the stability of the molecule is 
changed by the formation of addition products. When, 
two atoms of hydrogen, for instance, are added to form 
dihydrobenzene, the equilibrium of the molecule is dis- 
turbed, and the liberated aflinities of the remaining four 
carbon atoms unite with each other with the formation of 
two double bonds : — 


II II 

\/ 

C 

XX'c-» 
c 
I 

H 

Dihydrobenzenc, QII^.ll 


II -C 
II-C* 



In contradistinction to KekultS’s formula, the reduction 
of benzene to dihydrobenzene involves the formation of two 
double bonds. The subsequent addition of two or four more 
univalent atoms is in every way analogous to the satura- 
tion oi' partial saturation of any other unsaturated 
compound, and this analogy is completely in accord with 
the chemical properties of these addition compounds as 
already stated. Several other formulae have been sug- 
gested, and von Baeyer attempted to decide between the 
most plausible of them by studying the position of the 
added hydrogen atoms in the reduction products of certain 
benzene derivatives. In Kekule’s formula, for instance, 
these must necessarily attach themselves to adjacent 
carbon atoms. But this method, which at first appeared 
to be a crucial means of deciding the structure of benzene, 
and which really led von Baeyer to his centric formula, has 
proved unsatisfactory on account of intramolecular changes 
that were subsequently found to occur in the reactions in- 
volved. The present knowledge of the structure of benzene 
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has been summarised in the following words': — “The 
molecule of benzene consists of six CH groups, which are 
symmetrically united to form a ring by the three carbon 
valencies of each group, i8 valencies in all. Since 
12 valencies suffice to unite the six groups, an excess of 
six valencies remains, which effects a more intimate linking 
of the six groups of the ring, owing to a different condition 
of combination to that which ordinarily occurs amongst 
other compounds. When, in the formation of addition 
products, these excess valencies are called into play, in 
three successive'’ pairs, in order to link the added atoms to 
the nucleus, such a rearrangement of the original condition 
of combination in the ring occurs that the single valencies 
are used up in pairs with the formation of ordinary double 
or single bonds.” The centric formula gives the clearest 
expression of this statement, but it is indefinite as to the 
nature of “the more intimate linking” effected by the six 
excess or potential valencies of the benzene molecule. 

Very many hypothetical suggestions have been made 
as to the nature of the potential valencies, ^ but so far 
no formula has been proposed which is in all respects 
satisfactory for benzene and applicable to all its derivatives. 
It is by no means necessary, however, to conclude that 
the conditions of combination in the benzene ring are 
always the same. The potential valencies may exert their 
influence on neighbouring carbon atoms in some benzenoid 
compounds as represented by itekule’s formula, or mutually 
upon each other according to the centric formula in other 
compounds, and there is some experimental evidence in 
favour of this view.^ 

In his original memoir on the structure of benzene 
KekuI6 says, referring to different possible formulae for 
benzene — “A problem of this kind might at first sight 
appear quite insoluble, but I nevertheless believe that 
experiment will furnish a solution.” This was in 1865. 
Despite the unlimited field of inquiry opened out by 
Kekul6\s brilliant conception of the structure of benzene, 

' Victor Meyer and Jacobsen, Lehrbuch tier or^anischen Chemie, vol. ii. 
p. 60. 

a 6/. Thiele, Atwalen, 1899, ceexi. 87; Knoevenagcl, Berichte^ 1903, 
xxxvi. 2803. 

* Cf^ Chap. xiv. p. 396. 
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and since investigated with exceptional ardour, the ex- 
perimental solution of the problem has nevertheless ba(Hed 
the best efforts of chemists for forty years. 

The Bearing of the Physical Properties of Benzene and of 
its Derivatives on the Structure of the Benzene Ring, — In 
studying the thermochemical relations of saturated and 
unsaturated hydrocarbons, it was observed that the con- 
stitutional differences in the structure of these compounds 
is represented by a corresponding difference in their heats 
of formation. There are many other physical properties 
of compounds which depend not only upon the number 
and kind of atoms present in the molecule, but also upon 
the way in w'hich they are linked together.^ Such pro- 
perties are termed constitutive^ in contradistinction to 
additive properties, which depend only upon the number 
of atoms of each element present, and are independent of 
their method of combination. Until comparatively recently 
many chemists looked hopefully to the physical constants 
of benzene as a means of deciding the structure of the 
molecule, by furnishing a definite proof as to whether the 
six carbon atoms in the ring are united together by three 
single and three double bonds, as in the Kekuli^ formula, 
or by nine single bonds, as in several predecessors of the 
centric formula, and in a modified way in the centric 
formula itself. This difference is shown graphically by the 
following outline formula: — 

0 

II. Kekule formula. 

3 single and 3 double bonds. 

The heat of combustion, the molecular volume, and the 
molecular refraction*-* have each a different value for a 
double as compared with a single bond between two carbon 
atoms, and these differences have been determined amongst 
aliphatic compounds. But the attempts made to apply the 
constants for these conditions of linking to benzene are of 
very doubtful value, becau.se there is ample chemical 
evidence, as already shown, to prove that the potential 

^ Cf, Chap. xiv. p. 3f{o. * Ibid,^ p. 381. 
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valencies of benzene are entirely different from those of 
ethylene and its homolog-ues. Apart from this, the con- 
clusions that have been drawn are by no means concordant; 
thus, the heat of combustion and the molecular volume 
point to nine single bonds, whilst the molecular refraction 
accords with three single and three double bonds. 

Whilst, however, such evidence from physical constants 
is quite outweighed by chemical considerations in respect 
to the structure of benzene itself, it should be possible to 
elucidate the relation of benzene and its derivatives to 
their reduction products by the study of their constitutive 
physical properties, and thus indirectly to throw light on 
the structure of the hydrocarbon. According to the 
Kckul^ formula, the addition of two hydrogen atoms to 
benzene should be analogous to the conversion of ethylene 
into ethane, and should therefore be represented by an 
equivalent quantitative value in any constitutive physical 
property; the further addition of two or four atoms of 
hydrogen should similarly involve a corresponding change. 
The two latter additions should show the same quanti- 
tative relations in the case of the centric formula; but the 
first change, from benzene to its dihydride, should be 
different, on account of the change in the condition of 
combination of the carbon atoms that accompanies this 
first addition. The evidence of the physical constants on 
this point is, however, not concordant. The molecular 
refraction and the molecular volume favour the Kekul6 
formula, whilst careful experiments by Stohmann^ on the 
heat of combustion of the reduction products of aromatic 
compounds have led him to the conclusion that the thermal 
value of the addition of hydrogen to the benzene ring is 
entirely different in tiic first stage from what it is in the 
second and third stages, and that in both these latter stages 
it is in agreement with the thermal values for the addition 
of hydrogen to ordinary double-bond compounds in the 
aliphatic series. This is completely in accord with the 
present view of the structure of benzene as expressed by 
the centric formula, but the fact that other constitutive 
physical properties lead to a different conclusion still 
awaits explanation. 

^ /. Chtnu Soc. Adsiracis^ i8gi, lx. 376; also Bacyer, Amtalen^ 1894, 
cclxxviii. 1 15; sndBrUhl,/. frak(. Chtm.^ 1894, xlix. 260. 
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TJie Orientation of Arofnatic Compounds . — Although a 
complete explanation of the structure of benzene is still 
wanting, the simple hexagon, the basis of all the proposed 
formulae, supplies a sufiiciently satisfactory working hypo- 
thesis for the study of the isomeric relations of benzene 
derivatives. In formulating these derivatives the fourth 
affinity of each carbon atom in the ring is disregarded. 

The number of possible isomers with two‘ or more sub- 
stituents, like or unlike, that can be derived from benzene 
and its homologues is indicated theoretically by the hexagon 
formula, and so far experiment has fully substantiated these 
indications. 

But it is necessary in addition to be able to ascertain and 
assign the relative position of these substituting atoms or 
groups in benzenoid compounds. This assigning of the 
position of the substituents in the benzene ring is known 
as the orientation of aromatic compounds. It does not, 
of course, concern monosubstitution products, because all 
the hydrogen atoms of benzene are equivalent. The 
methods employed for arriving at the orientation were for 
a long time unreliable, and changes were continually being 
made which led to much confusion and inconsistency. 
These older methods were based on an incomplete under- 
standing of the proper relation of substitution products to 
one another, and it was only when this relationship was 
thoroughly grasped that a true basis for orientation was 
obtained. When the orientation of a few characteristic 
substitution products was once satisfactorily established, 
that of other benzene derivatives became a comparatively 
easy problem, for by converting the latter into or obtaining 
them from the former, the position of their substituents 
could be directly inferred. This principle is still adhered 
to, with the restriction that only such reactions are relied 
upon as are likely to be free from possible molecular 
rearrangements. Although in the great majority of in- 
stances substituents in the benzene ring replace one another 
without intramolecular rearrangement, there are many 
instances in which a change does take place in the position 
of the substituents, especially when high temperatures 
are necessary to effect a reaction, or when certain re- 
agents of a very active character are used; fusion with 
the hydroxides of the alkali metals, for instance, is a type 
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of such an action, and therefore decompositions by these 
reagents are now avoided in deducing the orientation 
of compounds. Provided, however, that the reactions arc 
carried out at a comparatively low temperature, and that 
the change is fairly complete, the conclusions as to the 
similar orierrtation of the compounds involved in the 
, change are considered to hold good. Thus, for example, 
a certain dinitrobenzene, C^H4(N02)2. readily yields a 
diaminobenzene, upon reduction, or a certain 

dimethylbenzene, C(.H4(CH352, forms a dicarboxylic acid, 
CcH4(COOH)o, on>.oxidation; the acid is therefore regarded 
as having its carboxyl groups in the same position in the 
benzene ring as were previously occupied by the two 
methyl groups, and similarly with the two substituting 
groups of the diamino- and dinitro-benzenc. 

It remains, therefore, to establish the orientation of 
certain aromatic compounds which shall serve as a 
basis; from these that of all others can then be deduced. 
This has been satisfactorily accomplished in several ways, 
and that the conclusions are reliable is proved by the fact 
that the results obtained by the different methods are in 
complete accord. An outline of one method, that due to 
Korner (1874), will suffice. 

There are three dibrombenzenes known; one is a liquid 
boiling at 224"*, the second boils at 220", and the third is a 
solid melting at 87”. By the action of nitric acid these form 
mono-nitrodibrombenzenes, one atom of hydrogen in the 
nucleus being replaced by the nitro-group NOg in each 
case. These mono-nitrodibrombenzenes have the formula 
C,H8(NO.,)Br„ and six different products in all arise from 
the three dibrombenzenes; this is the correct number of 
isomers for any tri-substitution product of benzene con- 
taining two different substituents according to the hexagon 
formula. Of these six isomers, as Korner pointed out, 
only two can be derived from a compound, having its two 
bromine atoms in the ortho-position, three from the 
meta-dibrombenzenc, and one from the para-compound. 
The liquid boiling at 224** was found to give two of the six 
mono-nitrodibrombenzenes, that boiling at 220“ gave three, 
and the solid isomer only one; they are therefore the ortho- 
meta- and para-compounds respectively. A glance at the 
possible substitution products that could be formed from 



8o 


MODERN ORGANIC CHEMISTRY. 


para-dibrombenzene by replacing a hydrogen atom by the 
nitro-groiip, as illustrated by the hexagon formula, will 
render this method of arriving at the orientation of 
aromatic compounds clear. 

' Rr 



rara-dibromhenzcnc. 


The hydrogen atoms at 2, 3, 5, or 6 can be replaced by 
another substituent, such as the nitro-group, but the 
resulting compound, as can be seen from the following 
formulai, will be the same in each case owing to the 
symmetry of the benzene ring: — > 


Rr Rr Rr Rr 



The order Br:NO.j:Br is 1:2:4 in each case; the re- 
lative position of the three substituents is identical, as 
indicated by the different order in which the angles of the 
hexagon are numbered above. Therefore, para-dibroin- 
benzene can only give one mono-nitrodibrombenzene, or, 
in other words, that dibrombenzene, which gives only 
•one mononitro-derivative, must be the para-compound. 
The derivation of the orientation of the ortho- and 
compounds follows on exactly analogous lines. The method 
can also be reversed, and this has been done in the case of 
the three diaminobenzenes, the orientation of which has been 
deduced by Griess from their respective relations to the six 
diaminobenzoic acids. The dibrom- and diamino-benzenes 
can be converted into many other di-substitution products 
or obtained therefrom, so that there is no lack of compounds 
of known orientation on which to base that of any newly- 
discovered substances. The relatioff^ of the di-substitution 
products of benzene to the tri-substitution products 
furnishes also the means for determining the orientation 
of the latter. 



CHAPTER VI. 


THE MELTINGv. POINT AND BOILING POINT OF ORGANIC 
COMPOUNDS. 

The Melting Point of Organic Compounds,--'l\yt determination o'l 
the meltinif point— The relation of the melting point to the 
composition and structure of compounds. 

The Boiling Point of Organic Compounds. — The determination of 
the boiling point— Distillation under reduced pressure— The 
relation of the boiling point to the composition and structure 
• of compounds. 

Fractional Disiillation.--\\i^ fractional distillation of mutually 
miscible liquids— The distillation of non-miscible liquids: 
distillation by steam. 

The nature of organic compounds renders it necessary 
to apply very different methods for their identification 
from those used in inorganic chemistry. The identity 
of an inorganic compound may be established by a 
relatively simple and systematic scheme of qualitative 
analysis depending upon the reactions of the metals and 
adds. In organic chemistry such a general scheme of 
analysis is not practicable. It is a simple matter to detect 
the elements present In an organic compound, but since 
the same elements bc^ur in a vast number of different 
substances, much more than this is necessary for the 
identification of a compound. The majority of the re- 
actions used in organic chemistry are of a general nature; 
they apply to whole classes of compounds such as acids, 
alcohols, etc., and, therefore, other means are necessary for 
the identification of the individual members of each class* 
These consist in the determination of certain^ physical 
properties, of which the melting point and boiling point 
are by far the most important. 

8l 


6 
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The Melting Point of Organic Compounds. 

Almosl all crystalline organic compounds liquefy at a 
definite temperature when heated ; this temperature is 
taken as the melting point of the solid. A few substances 
sublime without melting, others decompose ; the tempera- 
ture of decomposition is frequently fairly well marked but * 
seldom so definite as the melting point. The melting point 
provides an easy and ready means for the identification of 
compounds; in addition, a constant and sharply-defined 
melting point is almost always a sign of purity. Impure 
products do not melt sharply, but usually over an interval 
of several degrees, whilst compounds, sufficiently pure for 
all ordinary laboratory work, are completely melted within 
half a degree or at most within one degree of their melting 
point. Impurities generally lower the melting point, and 
a rise in the latter after recrystallisation indicates increased 
purity; a constant melting point after recrystallisation is 
taken as a sign of purification, and is used as a gauge of 
the purity of new compounds. 

The Determination of the Melting Points — To determine 
the melting point of a substance a small quantity is heated 
in a suitable bath, and the temperature at which 
it melts observed by means of an accurate ther- 
mometer. The form of apparatus commonly 
employed is shown in Fig. 2. The bulb (A) has 
a capacity of about 100 c.c., and is filled two- 
thirds full of the liquid which serves as the 
bath; strong sulphuric acid is generally 
used. The tube of the bulb-tube is pro- 
vided with a cork (B), in which the ther- 
mometer (T) is fitted ; a small slit is cut 
in the side of the cork to allow for the 
expansion of the air in the tube daring 
the heating. The substance is first dried, 
ground up to a fine powder, and then 
^ quite a .small quantity introduced into a 
thin capillary lube, the form and actual 
size of which are shown in Fig. 3. This ^ 
tube is then fastened to the stem of the 
thermometer by means of a piece of platinum wire or ring 
of rubber tubing in such a position that the substance is 
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level with the centre of the bulb of the thermometer. The 
bath is then gently heated until the substance melts and 
falls together, when the temperature is noted. As the 
melting point is approached, the healing should be pro- 
ceeded with very gradually. A check determination is 
always advisable, and for accurate work the temperature 
.should be corrected for the exposed portion of the mercury 
column. 

The Relation of t/ie Melting Point to the Composition and 
Structure of Compounds.^ — Certain regularities have been 
observed in the oielting points of compounds, especially 
amongst isomeric substances and members of the same 
homologous series. 

In the case of isomeric compounds, that having the most 
symmetrical structure has the highest melting point. Thus, 
the symmetrical ethylene derivatives have all a higher 
melting point than the isomeric ethylidene compounds ; — 

CH2.COOH CH. 

I I .COOH 

CH2.COOH. CH( 

^COOH. 

Succinic acid, m.p. iSo**. Isosiiccinic acid, m.p. 129^ 

Amongst aromatic compounds, the para-compounds, which 
are the most symmetrical, have the highest melting point. 

In several homologous series of organic acids an alter- 
nate rise and fall in the melting point accompanies an 
increase in the molecular weight, the acid with an even 
number of carbon atoms melting higher than the next 
higher homologue with an odd number, but the rise in 
the odd and even series respectively is similar in character. 
This peculiarity is well shown amongst the higher fatty 
acids: — 

Palmitic acid, m.p. 62" 

Margaric acid, ,, 60" 

Stearic acid, >> 

Nondecylic acid, ,, 66*.5 

Other relations between the melting point and structure 
of compounds are for the most part irregular in character 

* Cf, Siede und Schmehpunkt ; ihre TkeorU und praktische V^noertun^^ 
. Nernst aod Hesse» 1S93. 
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beyond a few broad gpeneralities, of which the following 
are typical. The substitution of hydroxyl for hydrogen 
is accompanied by a rise in the melting point, as is also 
the case when a carboxyl group is introduced, whilst 
when the latter is converted into its methyl ester, the 
melting point is lowered— : — 


Bcn^cene - - - 

Hydroxy-benzene (Phenol) 
Benzoic acid 

C«H«. 

QH.OH. 

C^HjCOOH. 

m.p. 5°.4 

M 43" 

M i 2 i ”.4 

Oxalic acid 

COOH. 

M 189“ 

Dimethyl-oxalate - 

COOH. 

CO.OCH3 

M 54 ** 


CO.OCH3. 


Naphthalene 


m.p. 80" 

^-Naphthol 

/^-Naphthyl methyl ether - 

C.oHjOH 

CioHjOCHg 

,, 122" 

M 70" 

/i-Naphthoic acid - 
Methyl ^-naphthoate 

CioH-COOH „ 182“ 

CioHjCOOCHg,, 77 ' 


Such regularities in the melting points of allied com- 
pounds, of which the above are simple examples, have an 
important practical value, since they furnish the data for 
an approximate precalculation of the melting point of a 
new compound. The calculated value should, of course, 
approach that actually observed ; if it does* not, the 
synthetical reaction employed has probably proceeded 
abnormally or some group present in the original com- 
pound has been unexpectedly eliminated in the preparation 
of the new derivative. 

The Boiling Point op Organic Compounds. 

A constant boiling point, like a constant melting point, 
is an indication of the purity of a compound, and has a 
similar value as a means of identification. Impurities 
may either raise or lower the boiling point according to 
their character, but with a certain limited number of 
exceptions mixtures of organic compounds boil Over u 
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considerable range of temperature, between the boiling 
points of their constituents. 

The temperature at which a substance boils is dependent 
upon the pressure to which its vapour is subjected, and, 
therefore, the boiling point, as usually observed, varies 
with the atmospheric pressure. All liquids exert a certain 
. gas pressure at all temperatures, due to the vapour of the 
liquid ; this pressure is known as the vapour pressure of 
the liquid. It increases with a rise of temperature, and 
when it just exceeds the atmospheric pressure the liquid 
boils. In determining a boiling point it is therefore 
necessary to observe the height of the barometer, and 
for accurate comparisons to correct the boiling point to 
the standard , atmospheric pressure of 7C0 millimetres of 
mercury. An approximate general formula for this 
correction is to be found in any text-book on physics ; 
increased pressure raises the boiling point and vice versfi.^ 
The influence of a decreased pressure on the boiling point 
is shown in the following table ; — 


Substance. 


Water 

Acetic acid - 
Aniline 
Naphthalene 
Acetamide • 
Glycerol 
Acetanilide • 



foiling Point at I 
760 mm. 1 

Boilinr; Point .M 
13 mm. 

Difference. 


100® 

14“. I 

8S“-9 


ii8".7 

I9'\4 

99 °. 3 


182^ ! 


i09°-3 


218'’. 1 


I29".S 


222^ i 

109'’ 

^>3° 


291 .3 

169^,6 



29 s" 

166^6 

I28‘’.4 


Many compounds, such as the higher alcohols and 
esters, are decomposed when distilled at the ordinary 
pressure, but the lowering of the boiling point by 
decreasing the pressure allows of their being distilled 
without decomposition; Distillation under reduced pres- 
sure is, therefore, often made use of for the isolation and 
purification of such compounds. As shown in the last 
column of the table, the difference in the boiling point at 
12 mm. and at 760 mm. increases with an increase in 

* Cfy SUditempiratur und Druch in ihren Wechselbeziehungm^ 
Kahlbaum, 1885. 
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the boiling point, so that difncultly volatile substances 
gain more than a proportionate advantage when distilled 
under reduced pressure. 

» The Determination of the Boiling Point. — 'I'lie distillation 
of liquids, cither for the determination of their boiling 

point or for their purification, 
is conducted in fractionating- 
flasks (Fig. 4). 

These flasks differ in size 
according to the quantity of 
liquid to be distilled, and 
also in the position of the 
exit tube, as shown. A ther- 
mometer is fitted into the 
flask by means of a bored 
cork, and for ordinary distil- 
lations the bulb of the thermometer is placed just below 
the exit tube of the flask (Fig. 5). In this position a 
portion of the stem of the thermometer registering the 
temperature will usually be outside the flask, and, therefore, 
at the temperature of the surrounding air instead of at that 
of the vapour of the substance. 

A correction must be made in 
such cases for this exposed por- 
tion of the mercury column, but 
for accurate boiling point de- 
terminations this correction is 
usually obviated by employing 
short thermometers, which allow 
of the stem being completely 
surrounded by vapour. For 
substances of high boiling point 
a simple glass tube will suffice 
for the condensation of the 
vapour evolved in the deter- 
mination (Fig. 6), but for more 
volatile substances a jacketed no 9 
tube is necessary (Fig. 7). This 

invaluable piece of laboratory apparatus, in which an 
inner glass tube is cooled by a current of water run through 
a wider glass tube fixed outside it, is commonly known as 
a Liehi^s condenser. As a matter of fact, it was originally 
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designed by Weigel in 1771, and Liebig himself made no 
claim to the invention of the apparatus.^ 



PIO 6 


• Having fitted the thermometer in the fractionating flask 
and attached the condenser, all that remains for the 



FIO 7 


determination of the boiling point is to heat the liquid. 
Liquids boiling below 80* are heated on a water-bath 
I Kahlbaum, Berichte^ 1896, xxix, 69, 
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(Fig. 14, p. 236), or over a small luminous flame, higher 
boiling liquids over the free flame of a bunsen-burner. To 
avoid bumping, a small piece of platinum foil or a few bits 
pf porous tile, which have been previously ignited and 
allowed to cool, are placed in the flask with the liquid. As 
soon as the substance begins to boil, the mercury in the 
thermometer rises rapidly towards the boiling point of the . 
liquid, and in the case of a pure compound remains steady 
at the boiling point until practically the whole of the liquid 
has distilled over. Iq the puriflcation of substances by 
distillation any impurities of lower boiling point distil over 
first; as soon as the temperature becomes constant, a fresh 
receiver is substituted for that originally placed at the end 
of the condenser tube, and the distillate collected as long 



pto a. 


as the liquid distils at this constant temperature. It 
should be observed, however, that unless the boiling 
points of the liquids lie far apart, a very imperfect separa- 
tion is effected by a single distillation, as the two liquids 
volatilise simultaneously to -a great extent. Ordinary 
laboratory preparations are sufficiently pure to distil within 
1** of temperature, and certain commercial products, such as 
benzene and toluene, distilling within this limit are now 
manufactured. 

Distillation under reduced pressstre , — ^The apparatus em- 
ployed for the distillation of substances under reduced 
pressure is exactly similar to that de.scribed, with the 
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addition of some suitable means for evacuating^ the 
fractionating^ flask, condenser, and receiver, These must 
be joined by air-tig^ht connections, either of cork or rubber; 
the partial vacuum required is usually obtained by means 
of a water-pump (P), and in order lo control and register 
the pressure, a manometer (M) is inserted between the 
, pump and the receiver. This arrangement is shown in 

A special form of receiver for vacuum distillation is 
shown in Fig. 9, the advantage of which is that the dis- 
tillate can be collected in a series 
of fractions without disturbing the 
vacuum ; a metal rod (A), fixed in 
the stopper of the receiver, rotates 
the tubes iii the wooden carrier 
(B), so that they can be brought 
opposite the end of the condenser 
tube (C) in succession. The tube 
P communicates via the mano- 
meter to the pump. 

In modern research-work, the 
water-pump is being largely super- 
seded by various forms of piston 
pumps, working in oil, which 
reduce the pressure to a much 
lower point than is possible with the form of pump 
described above. 

Special care is required in distilling substances under 
reduced pressure, owing to the liability of the heated liquid 
to bump or to froth over, and difficulty is sometimes 
experienced in maintaining a constant vacuum ; otherwise, 
the identification and purification of compounds by this 
method of distillation is quite as readily carried out as 
when the boiling point is ascertained under the ordinary 
pressure. 

The Relation of the Boiling Point to the Composition and 
Structure of Compounds . — Since the boiling point ot all 
substances that distil without decomposition is always 
observed for the sake of their identification, ample data 
are available for the study of any connection between the 
composition and boiling points of compounds. The first 
numerical relations in this respect were pointed out by 
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Kopp (1842), who stated that “equal differences in the 
composition of orf^anic compounds correspond to equal 

differences in their boiiingf points.” Thus, in Ihe homo- 
logous series of alcohols, acids, and esters he stated that 
there is a difference of 18" in passing from one member of 
the series to the next ; this increment corresponds to the 
replacement of a hydrogen atom by that is, to a . 

difference of CHg in the molecular formula. Subsequent 
determinations showed that this difference is not quite 
constant, but that it decreases as the molecular weight 
increases; also, that the values vary somewhat in different 
homologous scries. Moreover, as a result of further 
study, ^ it has been pointed out that reliable comparisons 
can only be made with substances of special purity, and 
which are in no way abnormal in respect to their physical 
properties. The compounds from which Kopp drew his 
generalisations, especially alcohols and acids, arc now 
known to be abnormal in regard to physical properties in 
many respects, so that his conclusions are no longer 
tenable, but accurate determinations of the boiling point 
of compounds that behave normally, such as the hydro- 
carbons and their halogen derivatives, show that the 
relation of this property to their composition is suffi- 
ciently well defined to be expressed by a simple formula. 
Of the several formulae that have been suggested to express 
this relation, that of Young^ appears to be the most 
accurate and most general. The difference (A) between 
the boiling point in absolute degrees (T) of the compound 
and that of its next higher homologue is represented by 
the equation: — 

A 144.86 

TO-0148 Jr 

In the following table the boiling points of the first 
eight normal paraffin hydrocarbons and those of their 
corresponding chlorides, bromides, and alcohols are given, 
together with the increment in boiling point (A) between 
successive members in each homologous series: — 
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The decrease in the increment in boiling point for an 
addition of CHg, as the series is ascended, is clearly evident 
in each group of compounds; it will also be noticed that 
whilst the boiling points of the chlorides are higher than 
th6se of the corresponding hydrocarbons, the value for A 
is lower, and that a corresponding relation obtains between 
the bromides and chlorides. The alcohols show the highest . 
boiling points of the substances included in the table as 
far as the first six members, and the smallest value for A; 
this value is also less regular than in the other series. 

From the consideration of a large number of data, 
Young concludes that the values of A may be calculated 
by the above formula, with an error of generally less than 
I®, for the majority of organic compounds which contain 
straight chains of three or more carbon atoms (C — CHg — C 
groups), and which are not associated in the liquid state; 
this limitation includes the hydrocarbons, their halogen 
derivatives, ethers, aldehydes, ketones, nitro-compounds, 
and amines, whilst the, majority of the alcohols and acids 
are excluded. In nearly all homologous series the lowest 
members, usually the first two, show an abnormal boiling 
point in relation to the rest of the series, the value for A 
being less than that calculated by Young’s formula. 

The figures in the above table, in addition to establish- 
ing the relations amongst the boiling points in homologous 
series, also show the change in boiling point that occurs 
when the hydrogen of a hydrocarbon is replaced by 
chlorine, bromine, or hydroxyl. Many similar data are 
available for other groups of compounds, such as esters, 
acid chlorides, nitro-compounds, ketones, aldehydes, etc., 
and the approximately definite change in the boiling point 
that occurs on the introduction of one of these groups is a 
valuable practical guide as to the course of a synthetical 
reaction. 

There are, however, important limitations to these rela- 
tions which it is necessary to bear in mind. Kopp’s 
original statement of the relation between the boiling point 
and the composition of compounds would lead to the 
conclusion that isomeric compounds should have the same 
boiling point; this he subsequently admitted was not the 
case, and all later comparisons show that marked differ- 
ences and also considerable irregularities exist. For 
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instance, when a hydrogen atom in a hydrocarbon is 
replaced by the hydroxyl group to form an alcohol, the 
average rise in the boiling point is about ioo“, but it varies 
according to the position taken by the substituting group. 
Other substituents show a similar behaviour, indicating 
clearly that the boiling point is determined by the structure, 

• as well as by the composition, of a compound, or in other 
words, that it is partly constitutive in its character. 

There are four alcohols corresponding to the two 
hydrocarbons of the formula butane and isobutane. 

The alcohols hav^ the empirical formula C4H9OH; their 
structural formulse and boiling points are tabulated 
below: — 

Boiling 

Point. 

Normiil Butane y CH3.CH0.CH2.CH3 - - +1'’ 

1. Normal butyl alcohol, CH3,CH2.CH2.CH.,OH 117® 

2. Secondary butyl alcohol, CRj.CHo.CIiOH.CHy 100* 

CH3V 

Isobutane ^ yCH — CH3. - - -17** 

Cll/ 

CH^s, 

3. Isobutyl alcohol, yCH- CHoOlI. 108** 

ch/ 

CHav. 

4. Tertiary butyl alcohol, yC(OH)~”CH3 83" 

ch/ 

A study of these figures illustrates the generality that 
primary alcohols (i and 3) boil higher than secondary (2), 
and these higher than tertiary (4). This difference corre- 
sponds to an increased branching of the chain of carbon 
atoms, and, with few exceptions, the boiling point amongst 
isomeric compounds is always lower the more branched 
the chain. 

A simple outcome of the study of the boiling points of 
compounds is its partially additive character, and conse- 
quently the fact that all substances^ of high molecular 
weight have a high boiling point. This is often a valuable 
and early factor in indicating the course of a reaction. 
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Aldehyde, for instance, which boils at 21®, is readily con- 
verted into a liquid boiling 100° higher (124 ). This at once 
indicates a change involving more than one molecule of 
the original substance, and, by suitable means, it has been 
sh'own that three molecules unite together in the reaction. 

Fractional Distillation.^ 

The separation of the constituents of a mixture of 
liquids by distillation is one of the most important pro- 
cesses employed both in the laboratory and on a manu- 
facturing scale. In the laboratory, the essential object 
of this method of separation, known as fractional distil-^ 
latioiiy is the isolation of pure compounds from the mixture. 
In industrial operations mixtures such as petroleum, the 
products of the fermentation industries and coal tar are 
thus separated into marketable products, some of which, 
such as the light oils of coal tar, are further fractionated 
into pure hydrocarbons. The behaviour of mixtures of 
liquids when boiled is different according as the liquids 
themselves are mutually miscible or not. The distillation 
of both miscible and of non-miscible liquids has each 
important practical applications; the conditions under 
which the distillation proceeds may be very complex in the 
former case, less so in the latter. 

The Fractional Distillatiofi of mutually miscible Liquids. — 
The separation of miscible liquids, which differ widely in 
their boiling points, is usually easily effected. A solution 
of aniline in ether, for instance, when distilled from a water- 
bath leaves the aniline completely behind, whilst the ether 
distils over; ether boils at 35'' and aniline at 184'*, and, 
therefore, there is a good margin for their separation. 
Ether, alcohol, and benzene are commonly used as solvents, 
in the extraction of organic compounds ; they are all low 
boiling compounds (alcohpl boils at 78^.3 and benzene at 
So**. 2), and this method of distilling off the solvent from the 
water-bath is a common laboratory operation. 

But when the boiling points of the liquids in the mixture 
are nearer to each other the separation is far less complete 

^ A full account of the methods, results, and theory of fractional dis- 
tillation is given in Professor Sydney Young’s work, Fraciional Distib 
htion, 1903: 



THE BOILING POINT OF ORGANIC COMPOUNDS. QS 


than might be anticipated. A gradual rise in the boiling 
point is to be observed as the distillation proceeds, which 
is accompanied by a corresponding change in the com- 
position of the distillate, but at no stage during the 
distillation is there a constant boiling point or a pure 
distillate when the ordinary form of distillation apparatus, 
.described above, is used. As an illustration of the incom- 
plete nature of the separation of a mixture, the following 
results of distilling a mixture of ethyl alcohol B.P. 78". 3, 
and amyl alcohol B.P. 138“, are typical. One hundred 
grams of each alcohol were taken and separate fractions 
collected at intervals of 10**, which were subsequently 
analysed; four grams of pure amyl alcohol were left in the 
flask after the distillation: — 


Pioiling Point. 

So '-tfi 

9 o‘'-ioo'' j 

T00’’-I10' 


\ 20** 1 30" 


Weight of fraction 

47 

4S 

25 

14 

18 

47 

Elhyl alcohol, per 


61.5 




cent 

88.1 

82 

52.1 

18.4 

1-7 

Amyl alcohol, per 



38-5 



cent . 

11.9 

18 

47.9 

81.6 

983 


By refractionating each fraction and uniting the corre- 
sponding distillates in each case a further separation can 
be effected, and by a continuation of this process pure 
products can be obtained; but this method of procedure 
involves great loss of material. To facilitate the separa*^ 
tion, various forms of apparatus have been contrived, which 
consist of additions to the portion of the distillation flask 
between the bulb and the exit tube for the escaping vapours. 
These effect the condensation of the less volatile vapours, 
whilst the more volatile are allowed to escape and to pass 
over to the condenser. The most useful of the many 
forms of these stilUlieads or dephlegniators are shown in 
Fig. 10; they are attached to an ordinary flask by means 
of a bored cork, and are provided with an exit tube corre- 
sponding to that of an ordinary distillation flask. 

With a plain vertical still-head, such as that of an ordinary 
fractionating flask, the evolved vapours escape practically 
without coming into contact with any of the condensed 
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liquid that forms in the still-head; it is for this reason that 
the separation . i^ very incomplete. In the modified still- 
heads both of> Hampel anrf ydung*, the efficiency of the 
apparatus is increased by promoting a much better admix- 
ture of the ascending vapour, owing to cross-currents and 
eddies, and by retarding the downflow of the condensed 
vapours. The Hempeh still-head is simply a wide, glass* 
tube packed with glass beads, to which a narrower tube, 
with an attached exit tube, is fitted. It is, therefore, very 
easily constructed, but since the beads retain a considerable 



Fig. 10, 

proportion of the mixture in the form of condensed liquid, 
it is unsuitable for the distillation of small quantities of 
material. Both the “ rod and disc” and the “ pear” still- 
head are so constructed as to cause a marked retardation 
of the condensed liquid in its flow from the still-head down 
to the distilling flask, and it is thus able to exert its 
fractionating effect on the ascending vapour. The “rod 
and disc ” form can be advantageously used in the distilla- 
tion of small quantities of liquid, whilst the “pear” still- 
head is specially recommended for the distillation of liquids 
of high boiling point. 



THE BOILING POINT OF ORGANIC COMPOUNDS. 97 

The still-heads of Le Bel-Henniger, and Young and 
Thomas involve a somewhat different principle. The return 
flow of the condensed liquid is obstructed so as to cause it 
to collect ill pools, through which the ascending vapours 
have to pass. A very complete contact between vapour and 
liquid is thus effected. Such forms of still-head are classed 
as dephlegmafors. The Le Bel-Henhiger dephlegmator con- 
sists of three or more bulbs, connected on alternate sides by 
narrow glass tubes, which serve to convey the condensed 
vapours back to the distillation flask, whilst pools of con- 
densed liquid are\ collected on pieces of platinum gauze 
placed at the base of each bulb. The composition and tem- 
perature of the liquid in these pools changes continually as 
the distillation .proceeds, and thus their ivork is always pro- 
portioned to the composition of the mixture at each stage 
in the distillation. The Young and Thomas dephlegmator 
differs from the above in containing the communicating 
tubes of the successive divisions of the still-head inside, 
instead of outside, the main column ; they are thus exposed 
to the temperature of the vapours from the distilled liquid 
instead of to that of the outside air, and to this change the 
efficiency of the apparatus is largely due. The divisions of 
the column are separated by pieces of platinum gauze, as 
in the Le Bel-Henniger dephlegmator. 

Dephlegmators of this type are employed on the large 
scale for the purification of alcohol, aromatic hydrocarbons, 
and other liquids, with certain additions and refinements 
beyond the possibilities of laboratory practice. 

A most valuable comparison of the efficiency of different 
forms of still-heads has been made by Young. ^ The figures 
in the following table summarise some of his results 
obtained in distilling a mixture of equal weights of benzene 
(B.P.8o®.2) and toluene (B.P.iio^.q). The distillate was 
collected in ii fractions at intervals of about 3*, the 
residue after the boiling point of toluene had been reached 
forming a final twelfth fraction ; the same rate of distilla- 
tion (one drop of distillate per second) was maintained 
throughout, as it was found that this factor has a marked 
influence on the separation of the mixture, a much better 
separation being effected by diminishing the rate of dis- 
tillation. The weight of vapour and liquid in the still-head 
^ /. Ckern, Soc,, 1899, Ixxv. 679, 
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is the weight that was held back after the distillation was 
completed ; 50 grams of the mixture were distilled in each 
case : — 



*5 


y. 

1. 

V 

to 



<3 c 


ss 

0. 


jc a . 

H J 

Nature of StHNhead. 

Ordin 

Distillatto 

e 4 

(/} 

•o 0 

5 " 

(S" 

r‘2 

1 

Temperature Range. 


Percentage Weight of Distillate. 


80.2 — 81.2 

81.2 — 83.2 

— 

}20.6 

2.0 

30 

0.5 

3^.5 

7.3 

83.2 — 107.9 

82.4 

39-3 

64.7 

59-4 

68.9 

14.4 

107.9— 110.3 

*6.8 

6.8 

7*4 

5.0 

9.8 

4.0 

1 10.3 — 110.9 

5-9 

8.4 

7*5 

II. 0 

6.8 

8.1 

1 10.9 (Residue) 

4.9 

24.9 

18.4 

21.6 

14.0 

34.7 


100.0 

100.0 

100.0 

100.0 

100.0 

lod.o 

Weight of vapour and liquid 
in stilhhead : grams - 


7.8S 

2.2 

2.6 

S.8S 

12.1 


The inefficiency of the ordinary distillation flask is very 
apparent, more than 82 per cent, of the mixture being 
practically unchanged by the operation. The remarkable 
efficiency of the Young and Thomas dephlegmator is 
shown by the fact that over 70 per cent, of almpst pure 
products, benzene and toluene, are separated. It is very 
noticeable in each case that the proportion of distillate 
"within three degrees of the boiling point of toluene is 
markedly greater than that within the corresponding range 
from the boiling point of benzene; it appears to be a, 
generality that the less volatile of the two constituents of a 
mixture is the more readily and completely separated. 
The above are the results of a single fractional distillation ; 
in each instance one or more repetitions of the process are 
necessary in order to obtain pure products. The compara- 
tive number of fractionations required to effect this, with 
these different forms of apparatus, can be judged from: 
these experiments. 
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^ The Distillation of Non-miscible Liquids: Distillation 
by Stmm, — When a mixture of non-miscible liquids is 
distilled, the vapour pressure of the mixture, at any tem- 
perature, is approximately the sum of the vapour pressures 
of its constituents at that temperature. The liquids 
evaporate independently of each other, and their combined 
pressure will, therefore, overcome that of the surrounding 
atmosphere at a lower temperature than that of either of 
the constituents separately. This lower temperature is, 
of course, the boiling point of the mixture, since a liquid 
boils when its vapour pressure just exceeds the pressure 
of the surrounding atmosphere; the composition of the 
distillate remains constant at this temperature. These 
• conditions form the basis of the very commonly adopted 



process of distillation by steam. Very many substances 
of high boiling point, which are insoluble in water, are 
readily volatile with steam ; the chief practical application 
of this volatility is as a means of separating substances 
from mixtures, or of removing organic compounds from 
the inorganic materials that have been made use of in 
their preparation. Hydrocarbons, such as naphthalene 
and anthracene, nitro-compounds and amines, such as 
nitrobenzene and aniline, and their homologues, are 
purified or isolated by this process, both in the laboratory 
and on the manufacturing scale. The apparatus shown in 
Fig. 1 1 illustrates the generally adopted laboratory method 
of steam distillation. 
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The substance to be distilled is placed in the flask A, 
tog’ether with sufficient water to fill the flask about one- 
third full ; the flask is provided with a doubly-bored cork 
carrying two bent glass tubes, one of which communicates 
with the steam generator B, the other with the condenser 
C, as shown. The steam generator is provided with a 
pressure tube, D, and a receiver is placed at the end of the 
condenser. It is best to warm the contents of the flask A 
first, and then to attach the steam generator ; the volatile 
substance separates from the water in the distillate as the 
distillation proceeds, and it is thus easy to ascertain when 
the distillation is complete. 

Since a steam supply is usually at hand in any well- 
equipped laboratory, the generator can be dispensed with, 
the distillation flask (A), being attached directly to the 
steam supply. Super-heated steam is occasionally em- 
ployed for the distillation of difficultly volatile substances. 
The temperatures at which some organic substances distil 
with steam, together with their boiling points, are given 
in the following table : — 


SunSTANCE. 

Distils with Stfam 

AT 

Boiling Point. 

Carbon tetrachloride 

66.7“ 

76.6” 

Benzene - - . . 

69.1" 

80“ 

Toluene - - - . 

84° 

no® 

Nitrobenzene 

99” 

209® 

Naphthalene 

98.2" 

218*^ 


These distillation temperatures are for a pressure of 760 
mm. By deducting the vapour pressure of water at the 
temperature of the distillation, from 760 mm. in each 
case, the vapour pressure exerted by the substance carried 
over by the steam is obtained. With benzene, for instance, 
the vapour pressure of water at 69*.! is 224 mm.; the 
benzene, therefore, must account for the remaining pressure 
of 536 mm. In the case of nitrobenzene, since the vapour- 
pressure of water at 99* is 733 mm., only i/zSth of the 
total pressure, 27 mm., is due to the nitrobenzene. These 
relations have been checked by direct experiment in several 
cases. Despite this small contribution towards the total 
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vapour pressure in the case of substances of high molecular 
weight, the quantity converted into vapour and collected 
in the distillate is considerable. This quantity can be 
calculated from the vapour pressure of the substance at 
the temperature of distillation; the mixed vapour, and 
therefore the distillate, contains water and the substance 
distilled, in the ratio of the products of their molecular 
weights and vapour pressures at the temperature of the 
distillation. In the case of benzene (molecular weight 


78), this will 


55 grams of benzene to 


18 X 224 
760 


“5*3 gfanis of water (molecular weight 18), or 


'approximately 9.5 to i. With nitrobenzene (molecular 


1 21 X 27 

weight 123), the proportion j are — - =4.4 grams 

18 X 721 

nitrobenzene, and = 17*3 grams water, or about 


I to 4. This relation shews that the relatively high vapour 
pressure of water is counterbalanced by its low molecular 


weight in respect to the composition of the distillate; the 


advantage of distilling substances of high molecular 
weight by means of steam is correspondingly evident. 



CHAPTER VII. 


THE SOURCES OF THE HYDROCARBONS. 

The natural sources of the aliphatic hydrocarbons — Petroleum 
and its products; the rehning and origin of petroleum. 
Destructive distillation as a source of hydrocarbons — The destruc- 
tive distillation of shale: the paraffin industry. 

The destructive distillation of coal. Coal tar— Coal tar as a by- 
product from coke ovens— The working up of coal tar; 
coal tar products. 

Synthetical applications of hydrocarbons — The mutual synthetical 
relations of aliphatic and cyclic hydrocarbons— The catalytic 
action of metals. 

Terpenes, the hydrocarbons of essential oils.— Camphor. 

From a theoretical standpoint the hydrocarbons form the 
basis for the study of organic compounds. But since the 
most readily accessible substances have naturally been 
made use of in carrying out .synthetical investigations 
these elements” of organic chemistry have quite as 
often been the goal, as they have been the starting-point 
of experimental work. 

In the present chapter the sources of the hydrocarbons 
will be studied, their relations to each other and to other, 
groups of compounds, their value in the synthesis of new 
substances and, in outline, their technical applications. 

In the aliphatic group the saturated hydrocarbons, the 
paraffins, are typically inert. Since, moreover, they are 
not readily obtained in a condition of purity from their 
most prolific source, petroleum, their relation to other 
compounds has been chiefly studied by preparing them 
from the latter. In the aromatic group, on the other 
hand, pure hydrocarbons are readily accessible ; also, 
they are, comparatively, very reactive and, therefore, serve 
as the starting-point in the practical investigation of many 
cyclic compounds. Unsaturated aliphatic hydrocarbons 
and saturated cyclic hydrocarbons (trimethylene, etc.) take 
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up an intermediate position, atid offer a specially interesting 
path of study on account of their relation to derivatives of 
other hydrocarbons, both cyclic and aliphatic. 

The Natural Sources of the Aliphatic Hydrocarbons: 
Petroleum. — Petroleum^ or rock-oil [oleum petrce) is by 
far the most important natural source of hydrocarbons. 
It consists of a very complex mixture of these compounds, 
the nature of which varies considerably. The oil from the 
historic fields of Pennsylvania contains saturated aliphatic 
hydrocarbons almost exclusively, whilst the Russian petro- 
leum of the Baku district consists chiefly of hydrocarbons 
called naphtheneSy having the general formula CnHam and 
which are, most probably, saturated cyclic compounds of 
the hexamethylene type. In addition, some ten per cent, 
of aromatic hydrocarbons are present in the Baku oil, the 
aliphatic hydrocarbons and some complex oxidation pro- 
ducts accounting for the remainder. Small quantities ot 
aromatic hydrocarbons and of naphthenes are also present 
in American petroleum. ^ 

American oil is still obtained by first drilling through 
the rocks to the requisite depth, and then either pumping 
out the oil or allowing it to flow ; the oil frequently issues 
from the wells at great pressure, especially when first 
liberated. The discovery of flowing wells in 1861 gave a 
great impetus to the development of the Pennsylvanian oil 
flelds. The yield per day rose from 200 barrels in i860 to 
15,000 barrels in 1862; it is now little short of 100,000 
barrels. The raw product is conducted from the wells 
through pipe-lines to storage tanks, whence it is dis- 
tributed to the refiners. In refining, the crude oil, after 
a suitable chemical treatment, is subjected to fractional 
distillation and thus separated into such commercial pro- 
ducts as petroleum ether, naphtha, kerosene and lubricating 
oils, whilst vaseline is prepared from the residue that 
remains after distilling up to about 300*. These products 
are all mixtures of liquid hydrocarbons, from C^H]^ up to 
^8^38) except vaseline, which contains, in addition, some 

^ The most complete treatises on petroleum vuc—Peiroleum and iVs 
Pradue/Sf Boverton Redwood, 2nd edition, 1906 ; TAe ProdtuHm^ 
Technology f and Uses of Petrolmtn and Hs Producls^ Peckham, 1884 s 
Handbook on Petroleum^ Thompson and Redwood, 1901. 

'*• Young, /. Chem. Soc.^ 1898, Ixxiii. 905 
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of the solid paraffins and some naphthenes. The low-boiling 
fractions are now used in large quantities in the com- 
bustion engines of motor vehicles (petrol, etc.). The 
portion which distils between 150“ and 200* forms the 
ordinary paraffin oil as used for lighting and heating pur- 
poses. This oil should be free from low boiling con- 
stituents, since their vapours may easily form explosive 
mixtures with air and give rise to accidents. It is, there- 
fore, of importance to determine the “ flash point** of such 
burning oils. This is done by heating the oil gradually in 
a special apparatus and ascertaining the temperature at 
which the vapour ignites. 

By means of further fractionation pure hydrocarbons 
can be isolated from the above mixtures. In this way the 
hydrocarbons of the paraffin series, from CH^ to CgoH^a, 
have been isolated from Pennsylvanian petroleum. 
Various hydrocarbons of the ethylene series have also 
been obtained, but it is possible that in many cases these 
are due to decompositions occurring during the distillation. 
This method of distillation is used for the preparation of 
pure pentane, which has been adopted as a standard of 
light in the form of the Harcourt pentane lamp.^ 

The petroleum of the Caucasus district is similarly 
worked up to commercial products, which although 
chemically very different from those obtained from Penn- 
sylvanian oil, have analogous industrial applications; it 
differs chiefly in yielding less burning oil (kerosene), more 
lubricating oil, and a large, non-volatile residue which is 
extensively employed as fuel under the name of astatku 

Both at Baku and in America extensive exudations of 
gaseous hydrocarbons have been associated with the 
boring of petroleum wells, and in some cases have been 
given off at natural springs. The evolved gases consist 
of from 50 to 90 per cent, of methane, its homologues, 
ethane, propane and butane, together with small and 
varying proportions of olefines and carbon dioxide. The 
sacred Are at Baku^ is supplied essentially by methane, 

' Cf, /oumal of Gas Lighting^ 1901, Ixxvji.* 1,648. 

An account of the fire-worshippers of this district will be found in^r. 
Hyde's Dt VeUri Persorum^ Medorum ae Parihorum reli^ione hisi%pia\ 
London, 1760; p. 148. Also Jonas Han way, Historical Account of the 
British Ts ado over the Caspian Sea; Lr>ndon, 1754; i. 263 and 381. 
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and, in the early days of the Pennsylvanian industry, gas 
from the Pittsburg wells was conveyed to very consider- 
able distances for lighting and heating purposes. 

The origin of these naturally occurring hydrocarbons 
has been the subject of much discussion. Petroleum and 
the allied products, natural gas and bitumen, are very 
, widely distributed ; they occur in rocks of all ages, from 
the Silurian upwards, and their occurrence bears no 
relation to any one geological period. The oil-bearing 
rocks of North America are Primary limestones, sand- 
stones, or cong;)omerates, those of the Caucasus, for the 
most part, Tertiary sandstones ; they all possess a porous 
structure by virtue of which they act as a reservoir for the 
oil, and are covered by an impervious stratum of shale or 
marl. The proximity of mountain chains is also associated 
with petroleum deposits ; the Alleghanies, for instance, in 
Pennsylvania, and the Caucasus in Baku. In the former 
district the most productive areas are in comparatively 
undisturbed strata, whilst in the latter the oil-bearing 
rocks have undergone considerable disturbance. From 
these differences in the conditions of occurrence it is 
highly probable that the oil has not always originated 
from the same source.^ Its presence in limestone rocks 
is generally attributed to the decomposition of animal 
remains, though if this be the case, it is^ difficult to 
understand why such enormous quantities of petroleum 
should accumulate in one place. Such remains are 
characteristically absent from the sandstones of Penn- 
sylvania and Baku, and it is, therefore, more probable 
that the oil is not indigenous to the rocks in these 
districts, but has resulted from a destructive distillation 
of the overlying shales* The conditions under which the 
decomposition of organic matter, either vegetable or 
animal, has occurred, can hardly be reproduced in the 
laboratory, because the high temperature and pressure in 
the interior ^f the earth must have played an important 
part in regulating the nature of the changes, which it is 
difficult to imitate. Animal matter, for instance, yields a 

Literature on the Origin of Petroleum ; — Report on the occurrence of 
Piff^leuMf Natural Gas^ and Asphalt Roch in IVestern KentueJ^^ 1891 ; 
by Dr. Orton. Sterry Hunt, Chem* News^ 1862; v. 5, 16, & 35. 
Anderson, British Association Reports^ 1889 ; p. 725. 
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product very different from petroleum under the ordinary 
conditions of destructive distillation, a product containing 
many basic substances. But Engler has shown that' fats 
yield a true petroleum oil when distilled under a pressure 
of ten atmospheres and at a temperature of from 300* to 
400*, and he has succeeded in isolating hydrocarbons from 
pentane up to nonane from the distillate thus obtained.^. 
This indicates the possibility of an animal origin, although 
Engler failed to obtain a similar product by the decomposi- 
tion of animal remains, and was, therefore, forced to the 
conclusion that a preliminary change must have occurred, 
previous to the formation of the petroleum, whereby all 
nitrogenous and other substances were removed except fat. 
The vegetable origin of petroleum is more in accord with 
known data, since it is the normal distillation product of 
shale, though here again the pressure and temperature in 
the earth would make the conditions of decomposition 
different from those of ordinary destructive distillation; 
ill addition, water is likely to have been an important 
factor, for common salt, either in solution or in the solid 
state, is almost invariably associated with petroleum. 
Coal, as well as shale, may have given rise to oil under 
these conditions, but such a vegetable origin is of necessity 
restricted to deposits in rocks containing, or in close 
proximity to, such organic material. 

The paucity of organic remains in many oil-bearing 
strata, especially in the Baku district, has suggested 
an inorganic origin of petroleum to many observers. 
Mendel6eff‘^ regarded its formation as due to the action of 
water which had penetrated through fissures in the earth’s 
crust, such as are formed during periods of geological 
change or by volcanic action, on carbide of iron. That 
hydrocarbons result from such an action is well known, 
and the more recent investigations of Moissan on other 
carbides show that a variety of hydrocarbons are formed 
in their decomposition.^ Further, it has ^been shown 
experimentally that when the hydrocarbons resulting 
from these carbides are exposed to a high temperature, 

^ Bertchie: 1888, xxi. 1,816; 1889, xxii. 592; and 1900, xxxiii, 7. 
Z* angm, Chem.^ 1908, xxi. i»585. 

* Anderson, British AsmiiUion Reports^ 1889; p. 725. 

® Chap, iv., pp. 51 and 52. 
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especially in presence of hydrogen, aided by the catalytic 
action of finely divided metals (cf. p. 116) they give products 
which closely resemble petroleum, and that by modifying 
the conditions, products similar to Caucasian, Galician, 
and American petroleum may be parepared artificially. It is 
highly probable that carbides are present in the interior 
• of the earth, and that water has had access to the oil- 
bearing strata has already been mentioned; but the 
stratigraphical distribution of petroleum, and the fact 
that it so often occurs in undisturbed strata, are strong 
arguments against this view of the general origin of 
petroleum, although its formation in certain isolated 
districts may have been due to such a decomposition. 
The optical ;activlty of petroleum (cf. Chap, xii., p. 316) 
has been adduced as evidence that the hydrocarbons of 
which it is composed have resulted from the decomposition 
of animal or vegetable remains, principally the latter, 
which were in themselves optically active.^ 

• A remarkable natural occurrence of a paraffin is that of 
normal heptane, CyHjg, in the resin sap of the Californian 
digger pine [Pinus sMniana). This sap yields a liquid 
distillate consisting almost entirely of normal heptane.*^ 
Solid paraffins constitute another natural product called 
Oeokeritey or mineral wax, which is worked in Galicia for 
the preparation of pure paraffin; the refined product is 
often known as Ceresme. 

Destructive Distillation as a Source of Hydrocarbons^ The 
Destructive DisHllation of Shale; the Paraffin Industry . — 
Destructive distillation is the term applied to the de- 
composition by heat of organic products such as wood 
and coal, in absence of air. Were a full access of air 
permitted to such f:ft'6ducts, ordinary combustion would, 
of course, ensue updn heating, with the formation of 
carbon dioxide and water from the contained carbon and 
hydrogen respectively. In absence of air, the process is 
in part destructive, in part constructive, with the result 
that products of four different kinds are obtained by the 
decomposition — namely, permanent gases, an aqueous 
distillate, an oil or tar insoluble in water, and a 

‘ Walden, Chim, Zeit.y 1906, xxx. 391, I,i 55 i Engler, Ibid.y 

1906, XXX. 711. 

T. E. Thorpe,/. Chem. So€.y 1879. 29$. 



I08 MODERN ORGANIC CHEMISTRY. 

carbonaceous residue such as charcoal or coke. The 
composition of these products varies very greatly accord- 
ing to the nature of the substance distilled and the 
temperature at which the decomposition is effected, 
especially in the case of the liquid distillates. 

As shown in the following table, carbon is the chief 
constituent of what may be termed the “ ores” of organic t 
chemistry; next in order of quantity is oxygen, and then 
hydrogen, the remainder of the constituents being present 
only in very small proportions. The gradual passage 
from wood to anthracite is accompanied by a loss in 
oxygen and hydrogen, with a corresponding increase in 
the percentage of carbon; and whilst the conditions of 
formation of peat, lignite, bituminous coal, cannel coal, 
and anthracite are not to be regarded as successive 
changes of a strictly analogous character, still, from the 
standpoint of their ultimate composition, there is a gradual 
and similar change in passing from the younger to the 
older fossils : — 


Average Percentage Compositimi of Wood, Peat, Lignite^ 
and Coal, 



Carbon. 

Hydrogen. 

Oxygen. 

Nitrogen. 

Sulphur. 

Ash. 

Wood (Oak) . 

49-7 

6.0 

41.3 

1-3 


i‘7 

Peat . 

58.3 

6.4 

31*3 

*•3 

— 

2-7 

Lignite 

66.3 

5-6 

22.9 

0.6 

2.4 

2.2 

Bituminous Coal 

77.8 

5.2 

9.0 

1-3 

I.O 

5-7 

Cannel Coal 

79.2 

6.1 

7.3 

1.2 

^4 . 

4.8 

Anthracite 

90.1 

t 

4.3 

2.0 

1.0 

0.9 

1-7 


Of the two factors that influence the composition of the 
oil or tar obtained by destructive distillation, wood and 
the younger fossils yield, essentially, aliphatic compounds, 
true coal, aromatic compounds; alow temperature favours 
the formation of the former, a high temperature that of the 
latter. Further, oxygenated compounds are more readily 
formed at low temperatures, and with a product such as 
wood, which is generally distilled at about 500®, and which 
itself contains a considerable proportion of oxygen, they 
form almost the entire liquid distillate in the form of 
methyl alcohol (wood spirit) and acetic acid ; the evolved 
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gas also contains oxygenated compounds (carbon monoxide 
and carbon dioxide) in addition to hydrogen and hydro- 
carbons. The results obtained by Young (1850) in the 
distillation of Boghead Cannel, one of the younger fossils, 
led to the founding of the Scotch paraffin industry; since 
the exhaustion of the original cannel, bituminous shales 
•have been employed, whilst brown-coal is the raw material 
for the paraffin industry in Germany. These shales and 
coals are distilled at a full red heat in presence of steam ; 
the distillate, after the separation of the ammoniacal 
liquor, is washed with alkali and acid successively to 
remove acid and basic constituents, and is then frac- 
tionated, when first burning and lubricating oils pass over, 
and finally solid paraffin. The last forms about 1 2 per cent, 
of the crude oil, and consists of the solid hydrocarbons of 
the paraffin series; its chief use is for the manufacture of 
paraffin candles and night-lights. 

The Destructive Distillation of Coal; Coal Tari} — The 
distillation of coal at a high temperature, as employed in 
the manufacture of illuminating gas, is the chief source of 
the aromatic hydrocarbons. The relative value of the 
products of distillation — coke, tar, ammoniacal liquor, and 
illuminating gas — has undergone many changes since the 
early days of the coal gas industry some eighty years ago. 
At that time the manufacture of illuminating gas was the 
sole object of the distillation ; the tar and ammoniacal liquor 
were regarded as necessary evils of the process, as by- 
products of no value. To-day a very different relation 
obtains; both from a scientific and economic standpoint 
the value of the tar and liquor is an all-important factor in 
governing the conditions of distillation. No more fascinat- 
ing story has been revealed, either in pure or applied 
science, than that of the coal tar industry, which began 
with Hofmann’s discovery of benzene in the more volatile 
portions of coal tar in 1845, and Perkin’s preparation of 
the first aniline colour, “Perkin’s mauve,” in 1856. 
Runge had previously discovered phenol and aniline in coal 
tar (183a), and had prepared an artificial dye called rosolic 
acid. 

^ Literature on Coal Tar;— G. Lunge, Coal Tar attd Ammonia^ 1887; 
2nd edition, 1901. R. Meldola, Coaln and IVhat we get from 1891 (a 
simple account of the coal tar industry). 
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Coal tar is a mixture of a most complex character, in 
which the presence of some 140 different substances has 
been established. One by one, the most prominent of these 
have become, on the one hand, the starting-point for im- 
portant industrial products, and, on the other, they have 
provided the material for unravelling the structure and 
relations of the aromatic compounds. Faraday had in 
1825 discovered the presence of benzene in illuminating 
gas, but apart from this a few naturally-occurring pro- 
ducts, such as the benzaldehyde of oil of bitter almonds, 
the benzoic acid of gum benzoin, and the hippuric acid 
found in the urine of herbivora, were the only sources 
of aromatic compounds accessible to the investigator. 
Liebig and Wohler, in their classical investigation on the 

Radical of benzoic acid,”^ first elucidated the complexities 
of the group; but further work was slow, owing to the 
inaccessibility of material for study. This material has 
now been supplied in abundance by the constituents of 
coal tar. 

Under the ordinary conditions of distillation adopted in 
the manufacture of coal gas, using fireclay retorts and a 
temperature of 1000'' to iioo*", one ton of Lancashire coal 
yields on an average 10,000 cubic feet of gas, 12 gallons 
of tar, 30 pounds of ammonium sulphate, and 13 cwt., or 
65 per cent., of coke. The chief constituents of the tar 
are aromatic hydrocarbons (benzene and its homologues), 
naphthalene, and anthracene, together with oxygenated 
derivatives, of which phenol and its homologue cresol are 
the most important; a small proportion of basic con- 
stituents, aniline, pyridine, and quinoline are also present. 
Aliphatic hydrocarbons are typically absent in the tar, but 
the gas contains some 35 per cent, of marsh gas, a little 
ethane, and about 6 per cent, of unsaturated hydrocarbons, 
chiefly ethylene. In addition, benzene and naphthalene 
remain suspended in the gas, and contribute considerably 
to its illuminating value ; they are carried along by the gas 
in the form of a fine mist. In 1883, when the price of 
benzene was high, many processes were tried for depriving 
the gas of these hydrocarbons ; the gas suffered in conse- 
quence, and more normal economic relations amongst the 
products of distillation soon accentuated the futility of the 
^ Cy. Chap. ii. p. 15. 
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method. From another source, however, the coke in- 
dustry, similarly suspended hydrocarbons have become an 
important raw material. 

Coal Tar as a By-produci from Coke Ovens, — For the 
preparation of the coke used for metallurgical work, coal 
was, until some 40 years ago, carbonised in the so-called 

beehive ** ovens, in which the decomposition is effected 
with partial access of air and at a comparatively low 
temperature. The products are of the same nature as in 
the manufacture of coal gas, but the coke was the sole 
object of the industry, and the gas, tar, and ammonia were 
allowed to escape free; in 1880 the loss of the ammonia 
alone in this country was valued by the late Dr. Angus 
Smith at no less a sum than ;^2,8oo,ooo. Attention has 
naturally been turned to the recovery of these by-products, 
but the tar obtained from this source proved far less 
valuable than was expected. Like all low temperature 
products it is rich in paraffin hydrocarbons and higher 
oxygenated compounds, such as creosol and guaiacol, 
whilst it is very poor in benzene, anthracene, and phenol. 
The more recent forms of coke oven are closed, the coal 
being carbonised without access of air, and at a tempera- 
ture somewhat higher than that adopted in the manufacture 
of coal gas ; the result of this change in the method of 
preparing coke has been to yield a tar which is practically 
the equivalent of the product from gas works. The gas 
given off in the distillation is at present generally used for 
heating purposes only, thus allowing of the removal of 
the hydrocarbon vapours referred to above, and this source 
of benzene and its homologue, toluene, has become one of 
great economic importance. There is more than twenty 
times as much of tl^se hydrocarbons in the gas as there is 
in the tar that is simultaneously produced. 

The Workingup of Coal Tar; Coal Tar Products. — These 
two industries, in which coal is destructively distilled, supply 
the raw material for the manufacture and investigation of 
aromatic compounds. To isolate the chief constituents 
of coal tar, the crude product, a dark, thick liquid con- 
taining a considerable proportion of finely divided carbon, 
is subjected to a series of distillations and chemical wash- 
ings. In the first distillation light oils (up to 170*), 
bolic oil (i7o*-230®), creosote oil (230®-27o®), and anthracene 



112 


MODERN ORGANIC CHEMISTRY, 


ot'l (above 270'') are obtained successively ; the residue Is 
used for the manufacture of pitch. Each distillate is then 
worked up according to requirements. The light oils 
consist essentially of the benzene hydrocarbons; these arc 
washed \Vith alkali and acid to remove acid and basic 
constituents respectively, and then fractionated. This 
fractionation is conducted vrith very efficient apparatus 
constructed on the principles explained in Chapter VI., 
and chemically pure benzene and toluene are thus obtained. 
The preparation of products of this remarkable degree of 
purity has been found more advantageous than the sub- 
sequent purification of the derived compounds, such as the 
coal tar colours, or the intermediate products from which 
they are prepared. 

Carbolic oil, the next fraction in the distillation, is 
worked up to naphthalene, an important hydrocarbon for 
the manufacture of colours, and to carbolic acid (phenol), 
which is used for the preparation of explosives and colours, 
as well as for antiseptic and disinfecting purposes. 
Creosote oil is employed in the crude state for pickling 
timber and for illuminating and heating purposes. The 
final distillate, the anthracene oil, is a mixture of a large 
number of complex cyclic hydrocarbons, from which the 
anthracene is^separated by Vashing with suitable reagents ; 
this product is not worked up to the degree of purity 
adopted in the case of benzene, as it has been found more 
economical to start the manufacture of alizarin from 
60 or 80 per cent, anthracene. Whilst these products 
represent the chief coal tar constituents from the manufac- 
turer’s standpoint, it is to be borne in mind that the 
associated compounds, which occur in .smaller quantities, 
have been the raw material for numerous scientific in- 
vestigations. Thiophene, a sulphur analogue of benzene, 
was the unknown companion of coal tar benzene till dis- 
covered therein by Victor Meyer (1883), a discovery which 
opened a whole chapter of new compounds ; nor is the field 
by any means exhausted. Coal tar, the once despised 
by-product, has proved itself *Uhe army of aromatic com- 
pounds, ... an indispensable helpmate of the chemical 
investigator, the physiologist, the bacteriologist, the 
medicad practitioner, and serviceable to the many-sided 
requirements of the art of colour-making, painting, colour- 
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printing, and of the manufacture of explosives.’^ ^ Hence, 
an inseparable connection has arisen between the coal tar 
industry and the pure science of the aromatic compounds. 

In the appended table the quantitative relations of the 
chief coal tar products and some simple derivatives, as 
obtained from the destructive distillation of coal, are 
tabu' 

Or 
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ethyl bromide, CgH^Cl apd CjH^Br, but even these deriva- 
tives are more accessible from the alcohols of the series. 
By .means of reducing agents the halogen derivative can 
be reconverted into the hydrocarbon, a process which is 
termed “inverse substitution.” Such a series of changes 
as the following : — 

CH4 - > CH3CI. — > CH3OH. H.COOH. 

Methane. Methyl chloride. Methyl alcohol. Formic acid. 

1 H. Caro, Address to the German Chemical Society : “ Ueber die 
Entwickelung der Theerfarben-lndustrie,” B*rt(hte^ 1S92, xxv. 955. 

8 
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can, indeed, be effected from the hydrocarbon, but the 
reverse process has been more commonly adopted, and the 
structure of an alcohol or acid determined by ascertaining 
the nature of its mother-substance, the corresponding 
hydrocarbon. There is a special interest, however, in 
the fact . that methyl alcohol can be prepared from 
methane, because the latter can be obtained directly from 
the elements carbon and hydrogen.^ Also, carbon com- 
bines directly with oxygen to form carbon monoxide and 
carbon dioxide, and when either of these gases is mixed 
with hydrogen, and passed over finely divided nickel at 
a temperature of from 250* to 300^* it is completely con- 
verted into methane and water.^ These changes are 
represented by the equations : — 

CO + 3H0 = CH, + ap. CO., + 4H.^ - CH4 + 2Hp. 

This forms a complete synthesis of the hydrocarbon. 
Since methane can be converted into methyl alcohol, this 
into ethyl alcohol, acetic acid, and other more complex 
compounds, the complete synthesis of these compounds 
from their elements can be thus achieved. Such syntheses 
are typical of the progress that has been made since 
the time when Berzelius and Gmelin regarded organic 
compounds as incapable of being produced in the 
laboratory. 

Uiisaturated hydrocarbons, such as ethylene and 
acetyjene, are of greater synthetical value, since they are 
much more reactive ; thus, under the influence of several 
reagents they are readily converted into such saturated 
compounds as ethyl bromide, ethyl alcohol, and ethylene 
dibromide: — 


CHg CH.Br CHPH 

II I I 

CHj, CH3 CH, 

Ethylene. Ethyl hroinidc. Ethyl alcohol. 


CHoBr 

I ■ 

CH^Br 

Kihylcnc dibromkie. 


Prom the last (ethylene dibromide), succinic and tartaric 
acids can be obtained, and thus, with a simple hydrocarbon 
as the starting-point, a region of fairly complex substances 


, ^ Cf, Chapter iv. 54. 

Sabatier and SenUerend, CgmpUi rend*, 1902, cxxxiv. 514. 
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is approached. Acetylene, which can be prepared directly 
from the elements, readily takes up water when it is passed 
into sulphuric acid and the diluted solution is boiled, to 
form acetaldehyde: — 

+ HP = CM3.CHO. 

» Acetylene. Acetaldehyde. 

and from this numerous important syntheses are possible. 
With the exception of acetylene, however, these un- 
saturated hydrocarbons are not directly accessible; they 
are best prepared from alcohols or acids, and, therefore, 
their synthetical valpe is essentially indirect. 

The aromatic hydrocarbons stand in marked contrast to 
the above. Not only are they by far the most accessible 
compounds of the group, and readily obtained in a state of 
purity, but they are acted upon by reagents such as nitric 
and sulphuric acids, halogens, and oxidising agents, with 
the formation of compounds from which practically all 
other derivatives of the group can be prepared. These 
direct reactions are easily carried out and controlled, and 
so thoroughly have they been studied that the conditions 
governing the formation of one or other of the many 
isomeric substitution products that can arise, are accurately 
knowm. This latter factor has been of the greatest value 
in the study of the group ; it will be dealt with in some 
detail in Chapters VII 1 . and X. Despite this reactivity, 
it is to be remembered that the nucleus of six carbon and 
six hydrogen atoms in benzene itself is extremely stable, 
and, therefore, that the synthetical value of the aromatic 
hydrocarbons is chiefly restricted to cyclic compounds. 

T/ie Mutual Synthetical Relations of Aliphatic and Cyclic 
Hydrocarbons, — The characteristics of benzene and its 
derivatives are so entirely different from those of 
aliphatic compounds, that it is not surprising to read the 
statement in Kekul^’s Lehrhuch (1866) that ** no instances 
of the passage of aromatic substances into compounds of 
the fatty group, or of the reverse change of fatty com- 
pounds into aromatic substances, or at least any that can 
be effected by comparatively simple reactions, are as yet 
known with certainty.” To-day, however, a considerable 
number of such changes are known, some of which can be 
effected by simple and direct reactions, and the marked 
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contrast in the properties of the compounds concerned has 
invested these chang-es with a special interest. 

The polymerisation of acetylene and its honiologues, 
whichr can be effected by simply heating, leads to the 
formation of cyclic hydrocarbons. Acetylene itself forms 
benzene, methyl-acetylene (allylene) forms trimethyl- 
benzene, and halogen derivatives of acetylene form 
halogr ‘ ^ ^ . 

chang 


or gra 


and si 


The 
latter 
alipha 
compc 
eifectc 
with 1 
carboi 

their saturated hydrides, benzene to hexahydrobenzene 
(hexamethylene), aniline to aminohexamethylene (cyclo- 
hexylamine), and phenol to hydroxy-hexamethylene 
(cyclo-hexylalcohol).^ The preparation of methane by 
the reduction of oxides of carbon with hydrogen, in 
presence of nickel, has been referred to before (p. 114); 

^ Sabatier and Senderens, CompUs rend,^ i$oo to 1904, vols. exxx. to 
cxxxviii. The results are fully surumarised in Comptei rend.^ 1905, 
cxlL 44. 
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it is from this effect of nickel and other metals (platinum, 
cobalt, copper, iron) when in a slate of fine division that 
Sabatier and Senderens deduced their hypothesis of the 
origin of petroleum from metallic carbides (p. 107). 

This direct addition of hydrogen proceeds to only a 
very limited extent in absence of the nickel, and then 
only at a high temperature ; in presence of the metal 
the reduction can, in most cases, he effected between 
150" and 250“, but still the nickel itself does not appear 
to undergo any change. There are very many reactions 
of this character in which the progress of a chemical 
change is greatly accelerated by the presence of a third, 
apparently indifferent substance. The term catalysis, 
originally introduced by Berzelius, is generally used for 
reactions of this class, and the agent which effects the 
catalytic action is spoken of as the catalyst^ catalyser, or 
catalytic agent. The chief characteristic of a catalyst is 
that it changes the velocity of a reaction without being 
.itself altered by the process; its action has been aptly 
compared to the influence of the whip on a horse, or 
of oil on the wheels of a machine (Ostwald). Most 
catalysts act like nickel as accelerators of chemical change, 
but some are known which reduce the velocity of a 
reaction; these have been called “negative catalysts."’ 
It is probable, however, that such negative catalysts act 
merely by destroying positive catalysts.* In addition to 
the metals already mentioned, many others exert a 
catalytic action, and several other classes of substances, 
such as metallic oxides and salts, charcoal, pumice^ ffl^ss, 
mineral acids, and enzymes, are included among the well- 
known catalysts. 

The very interesting fact has been observed that the 
influence of finely divided platinum and other metals is, in 
many respects, analogous to that of enzymes. Thus, 
Schade^ has shown that the fermentation of sugar to form 
alcohol and carbon dioxide can probably be effected by finely 
divided metals, and has pointed out many analogies between 
such catalytic processes and ordinary fermentation.^ The 
hydrolysis of glucosides has been similarly effected with the 

’ Big«low, Z. physik Chem., 1S98, xxvii. 585. 

Titoff, Z. physik Chem., 1903, xlv. 641, 

* Z. physik Chept., 1906, Ivii, j. 
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help of platinum black.^ A remarkable feature of such 
processes is that certain substances, such as hydrocyanic 
acid, act as poisons towards the catalyst and inhibit its 
action. The mode of action of catalysts is not at present 
undoriitood; several hypotheses have been put forward, 

but no g^enerally acceptable explanation of their work has 
as yet been sujjg’ested.® 

Apart from this direct reduction and such methods as 
that already given for the preparation of trimethylcne,^ the 
most important of the reactions in which cyclic compounds 
result from open-chain substances are concerned with 
somewhat complex derivatives of the hydrocarbons, 
especially acids and esters.^ Of the reverse change, from 
aromatic to aliphatic compounds, the known instances are 
far less numerous. In some cases the benzend ring is 
simply broken by the reagents employed, and the resulting 
product contains the six carbon atoms intact as an aliphatic 
compound ; in others, one or more atoms of carbon are elimi- 
nated in the decomposition, and some reactions of special 
interest are known in which one carbon atom of the ring is 
removed and a five-membered cyclic compound formed. 

The conversion of the aliphatic into cyclic hydrocarbons, 
other than by comparatively simple and direct reactions 
such as the above, can hardly be regarded as synthetical 
from a modern standpoint, though it claims some historic 
and technical interest. Thus, by passing the vapour of 
various hydrocarbons through red-hot tubes, or over heated 
surfaces of any kind, extremely complex changes occur, 
conditioned by temperature, the rate at which the decom- 
position is allowed to proceed, and the nature of the hydro- 
carbons employed. Such pyrogenetic reactions, which 
were first studied by Berthelot,® are, like destructive distil- 
lation, partly destructive and partly constructive. Methane 
is thus decomposed to a certain extent into its constituent 
elements, carbon and hydrogen, but more complex hydro- 

^ Neilsoi), Amer. /. Physiol,^ I 90 S» xv. 148. 

® Cf, Chemical Siatics attd Dynamics^], W. Mellor, 1904, chapter x. ; also 
^'Die I^hre von der Reaktionsbeschleunigung durch Fremdstoffc (Kata- 
lyse),’* W. Herz, Sammlung ckem, u, chem-lechnischer Vbrtrage^ 1906. 

® Chapter V,, p.. 62. 

^ Cf, Chapter lX.,‘pp. 177 to 179. 

^ Chimie organique fmdie sur la Syntheses Bcrthelot, i860; and Les 
Carbures ffydrogene,' 1902. 
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carbons such as benzene and naphthalene are formed, 
together with ethylene and acetylene; ethylene forms both 
aromatic and aliphatic hydrocarbons, acetylene, at a dull 
red heat, benzene, but at a higher temperature it is 
almost completely decomposed into its elements and 

methane. Benzene and other cyclic hydrocarbons form 
more complex cyclic substances, such as naphthalene and 
*anthracene, but at the same time acetylene and simple 
parafTm hydrocarbons result. The effect of increasing 
temperature with all organic compounds is towards com- 
plete decomposition into carbon and hydrogen, and, short 
of this, the formation of compounds relatively rich in carbon 
and poor in hydrogen. Hence, at the high temperature of 
a gas retort or coke oven the more highly hydrogenised 
aliphatic hydrocarbons are decomposed into hydrogen and 
compounds of higher carbon density such as benzene, 
naphthalene, and anthracene. This is the final result, but 
many intermediate stages undoubtedly occur; the forma- 
tion of benzene and naphthalene from methane, ethane, or 
ethylene may proceed directly or via acetylene to benzene, 
the latter with an additional supply of acetylene forming 
naphthalene. Such considerations serve to explain the 
extraordinary variety of products found in coal tar. 

The technical interest of pyrogenetic reactions has arisen 
from attempts to convert petroleum, or more especially 
the residue from its distill.ation (astatki), into the more 
valuable products benzene and anthracene, by the action 
of heat. The experiments have met with but limited 
success, and the present excessive supply of coal tar has 
not encouraged investigation in this direction. 

Terpenes, the Hydrocarbons of Essential Oils ^ — A group 
of naturally occurring hydrocarbons remains to be men- 
tioned — the Terpenes, They form the chief constituents of 
the essential oils, the value of which in perfumery and in 
the manufacture of essences has long been recognised. 
The fruit and flowers of most plants owe their characteristic 
odour to the presence of these essential oils, which differ 


^ Literature on the Terpenes anti Essential Oils:— F. Heuslcr. 
Chemistry of the Terpenes^ trans. by F, J. Pond, 1902; E. J. Parry, 
The Chemistry of Essential Oils ami Artificial Perfumes^ 1899 * *• 
Giklermeister and F. Hoffman, The Volatile Oils^ translated by E. 
Kremers, 1900^ 
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from the fatty vegetable oils, such as palm oil and linseed 
oil, in being readily volatile, especially with steam. 
Turpentine, the best known of these compounds, is 
prepared by distilling pine-tree sap with steam, when 
the ^essential oil passes over, leaving a non-volatile resin 
behind, known as colophony. The chief constituent of 
the oil is a hydrocarbon called pinme ; it is present iq 
many other essential oils, such as those of laurel, thyme, 
and lemon, and has the molecular formula 
Isomeric hydrocarbons form the characteristic constituents 
of many other essential oils. These hydrocarbons, which 
are grouped together under the generic name of Terpenes^ 
are characterised by the ease with which they pass from 
one into the other under the influence of heat or of 
simple reagents such as hydrochloric acid ; also, they are 
readily transformed into aromatic compounds, and upon 
oxidation yield well-defined acids. These latter changes 
have served as the basis for the study of their structure, 
a problem which, though formerly regarded as com- 
paratively simple, has since been shown to be beset with 
considerable difficulties. A very large amount of ex- 
perimental inquiry has been devoted to this group, one 
member of which, called dipcntene^ has been synthetically 
prepared by W. H. Perkin,^ whilst the structure of 
several of the simpler terpenes has been now almost 
completely elucidated. A few simple considerations will 
indicate the essential difficulty of the problem. 

Pinene behaves as an unsaturated compound of the 
ethylene type, and like all terpenes, combines readily with 
bromine and with hydrochloric acid ; the resulting com- 
pounds are crystalline substances, and owing to the ease 
with which they can be purified, they have been very 
helpful in the experimental study of the group. This 
behaviour points to the presence of an ethylene bond 
in the molecule. The dibromide of pinene is converted 
into an aromatic hydrocarbon, cymene (methyl-isopropyl 
benzene) when heated, and pinene itself yields the same 
compound when treated with iodine. Cymene has the 
formula Ci0Hi4, and differs, therefore, from’ pinene by 
containing two hydrogen atoms less than the latter. The 
structure of cymene is known with certainty, but there 

^ f, Chem. Scc,^ Ixxxv. 654. 
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are several ways in which it might add two atoms of 
hydrogen to form a compound CjoHjg containing one 
ethylene bond. Following the relation of benzene to its 
reduction products, cymene could add two hydrogen atoms 
to form a dihydrocymene but the resulting product 

should behave as a compound containing two double 
l^onds. Some terpenes do add the four atoms of bromine 
required by such a compound, but pinene does not; it 
only takes up the two atoms. To account for this the 
second double bond must be eliminated, but without 
causing any changie in the composition of the molecule, 
and it is the nature of this difference in structure that has 
been difficult to decide. 

The study of the oxidation products of the hydrocarbon 
has, within recent years, sufficed to solve this difficulty, 
and the structural formula for pinene can now be regarded 
as satisfactorily established. It consists of a reduced 
benzene ring, having two carbon atoms in the meta- 
position linked across, the ring by an intermediate carbon 
atom, to which two methyl groups are attached. This 
method of linking has been termed a hrtdgcd-rtng’ ; it is a 
special characteristic of the terpenes and related com- 
pounds. The relation of pinene to cymene and its 
difference from a dihydrocymene is shown in the following 
formulae ; its conversion into the former involves, it will 
be seen, the destruction of the “bridge*^ of the pinene- 
molccule: — 


CII3 CH3 

C h 



.HC 


c 

H,C 

Cll 

I 

CIV-CH— Clla. 
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Cymene. 

(Para.methylisopropylbenzene), 
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Dihydrocymene, 
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The terpenes have an additional interest on account of 
their simple relation to other constituents of the essential 
oils, which contain oxyg-on. Of these, camphor and Borneo 
camphor, or borncol, are the most important. Camphor 
has the formula and differs, therefore, from the 

terpenes only by the presence of an atom of oxygen; this 
can be added .by direct oxidation to one of the terpenes 
(camphene), and the close relation of camphor to the 
terpenes is further shown by its conversion into cymene- 
or cymene derivatives by comparatively simple reactions. 
But the simplicity of these relations ends here. The 
chemistry of camphor has proved most complex, and it is 
only after much difficult and detailed investigation that a 
satisfactory structural formula has been established.^ Of. 
the many formulae that have been suggested, the following, 
proposed by Bredt, fulfils the requirements indicated by the 
chemical behaviour and relations of camphor and its 
derivatives. It has been deduced especially from the study 
of the oxidation products of camphor, several of which 
have been prepared synthetically, and it has now been 
conclusively established by the synthesis of one of these 
oxidation products, camphoric acid,^ which can be con- 
verted into camphor : — 


The relation of < 
formula; it also ( 

of which, however, is different trom that ot pinene. 

During the past few years many attempts have been 
made to prepare camphor synthetically from the pinene of 
oil of turpentine, some of which are said to give a fair 
yield of camphor, and promise to become of industrial 

' Cf, A. Lapworth, BnVs/i Associalion Reports, 1900, p. 299. 

* G. Komppa, fierichie, 1903, xxxvi. 4332. 
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value.^ The stagfes in the chief methods employed in this 
synthesis consist in the successive conversion of pinene 
into its hydrochloride, of the hydrochloride into camphene, 
which is then converted into borncol, the alcohol of cam- 
phor, which is finally oxidised to camphor. The following 
formnlfe illustrale this method: — 


’ 

^CH, 

Pinene. 


/CH.Cl 

V 1 


/CH 

C«H„< 

11 


^CH 

Pinene hydrochloride. 

Camphene, 

/CH.. 

Ih< 1 ' C,u 

/CH. 

i/l 

\CO. 



Borneol. Camphor. 


Apart from the study of the structural formulae of these 
compounds, important advances have been made during 
the last few years in the synthetical preparation of the 
perfumes of flowers. Vanillin, the essence to which the 
sweet smell of the vanilla pod is due, and coumarin, 
the active principle of the Tonka bean, are now manu- 
factured by synthetical methods, whilst a probable 
isomer of the odoriferous principle of violet, which also 
possesses its characteristic perfume, has been prepared 
by Tiemann & Kruger, ^ and is now a coininercial product 
called lonofie. Many substitutes for natural perfumes are 
also known, such as artificial musk (trinitro-butyltoluene), 
heliotropin or piperonal, which possesses the odour of 
heliotrope, and anisic aldehyde, which has the perfump of 
hawthorn. 

. The technical application^ of the essential oils have also 
’ been developed by the isolation of the active principles of 
certain oils from the mixtures in which they occur 
naturally, thus effecting greater reliability in their char- 
acter and economy in their use. 

1 C/, F. T, Pontl, /. Soi\ Ckem. huL^ 3^3* 

Her iihU^ 2675; 1895, xxviii. 1,754 J 189S, xxxi. 808, 

867. 
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DERIVATIVES OF THE HYDROCARBONS. 

The halogen substitution products of the hydrocarbons. 
Derivatives of the hydrocarbons containing oxygen : Alcohols, 
Ethers, Acids, Aldehydes, and Ketones. Autoxidation. 
Some typical derivatives of alcohols, acids, and phenols. 

Derivatives of un saturated hydrocarbons. 

Derivatives of the hydrocarbons containing dissimilar substituents. 
The influence of the molecular position of substituents on the 
properties of compounds : “ Steric hindrance.” 

The derivatives of the hydrocarbons form the chief subject- 
matter of organic chemistry. It is not the purpose of this 
book to deal with them in detail, either in respect to their 
methods of preparation, physical properties, or char- 
acteristic reactions; such data will be found in the 
ordinary text-books on organic chemistry. The object of 
this and the two following chapters is rather to show, by 
means of the chemical behaviour of some of the most 
important groups of compounds, the methods and lines of 
inquiry that have been adopted in the study of their 
structure and mutual relations. 

S y the replacement of one or more hydrogen atoms in a 
rocarbon by a substituting element or radical, the new 
molecule acquires certain chemical and physical properties 
depending upon the nature of the substituent. Whilst 
these properties are similar in kind amongst all groups of 
hydrocarbons, the nature of the latter and the position of 
the substituent in the molecule have each a specific in- 
fluence on the behaviour and stability of the resulting 
compound. $uch differences are especially apparent 
between aliphatic and cyclic substances. The character- 
istics of any one substituent are repeated when a second, 
like substituent is introduced, and the larger the number 
of hydrogen atoms in a hydrocarbon that are thus replaced 
• s; J24 
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the more accentuated does the influence of the substituent 
become. When the hydrogen atoms are replaced by 
several dissimilar groups or atoms, then the properties of 
the new compound are a resultant effect depending on the 
nature and chemical character of each of the substituents. 

. Associated with each group of substitution produces are 
geiteral methods of preparation and typical reactions; the 
former are made use of in the synthetical preparation of 
new compounds, the latter in investigating natural or 
laboratory products of unknown constitution. These 
generalities have alreWy been spoken of;^ they are the 
basis of the experimental methods of investigation, but 
owing to the variations they undergo on account of the 
influence of collateral substituents and of differences in 
structure of the parent substances, they form by no means 
such an easy path for inquiry as might be gathered from 
their stereotyped fixity in elementary text-books. 

The Halogen Substitutimi Products of the Hydrocarbons , — 
These serve as a simple illustration of the above con- 
siderations. They are obtained both from aliphatic and 
aromatic hydrocarbons by the direct action of chlorine or 
bromine, and indirectly iodine and fluorine can be sub- 
stituted for hydrogen. Such compounds as ethyl iodide, 
CjHftl, and brombenzene, QH^Br, are liquids, insoluble in 
water, which can be reduced to the corresponding hydro- 
carbons. Brombenzene, however, requires a more power- 
ful reducing agent for this change than is the case with 
ethyl iodide, and this greater stability of the arqinatic 
haloid compounds is shown in their behaviour towards all 
reagents. These compounds may be regarded as deriva- 
tives of the halogen acids in which the hydrogen is 
.replaced by an organic^ radical. The aliphatic halogen 
compounds are converted into alcohols by means of 
potassium or sodium hydroxide, more readily by moist 
silver oxide, which acts as silver hydroxide, according to 
the equation: — 

CJL^.Cl + Ag.OIl - Cyf,.OH + AgCI 

Ethyl Silver Ethyl Silver 

chloride. hydroxide. alcohol. chloride. 


‘ Cf, Chap. iii. p. 33. 
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The corresponding aromatic compounds are not acted 
upon by these reagents, whilst the reaction is character- 
istic of all halogen compounds in the aliphatic group, 
although subsequent secondary changes may occasionally 
obliterate the direct course of the reaction. For instance, 
ethylidene dichloride, a dichlor-substitution product of 
ethane, and chloroform (trichlormethane) yield acetafde- 
hyde and formic acid respectively, according to th.e 
equations : — 


CH3.CHCI2 + 2KOH = CH3.CHO + 2KCI + HgO 
Ethylidene dichlutide. Acetaldehyde. 

CHCI3 + 3KOH - CH0O3 + 3KCI + H2O 
Chloroform. Formic acid. 

Acetaldehyde and formic acid are the final products, but 
there is indirect evidence to show that both reactions 
follow the normal course, in which each halogen atom 
is replaced by the univalent hydroxyl group OH, as in the 
case of ethyl chloride. From this standpoint the initial 
decompositions would be: — 

y'Ci KjOH /OH 

CH3.CH< ; +1 =- CH3.CH< + 2KCI. 

^ Cl KlOH \OH 

Ethylidene dicliloride. Ethylidene glycol (Intermediate compound). 

/Cl "kOH /OH 

CH(^-C1 + KOH = CH;^OH + 3KC!. 

\C1 KOH NOH 

I 

Chloroform. Trihydroxy 'methane (Intermediate compound). 

These intermediate compounds have not been isolated. 
Very few substances have been prepared which contain 
more than oiie hydroxyl group attached to one and the 
same carbon atom ; when their isolation is attempted they 
lose ohe or more molecules of water to form other, more 
stable compounds. In this way acetaldehyde and formic 
acid resu]^ from the above intermediate products:—^ 
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- CHa-CHO -l H.,0. 

-OH 

CH';^0;H == CH .,02 - H„0 

^oh: 

The indirect evidence of the formation of these inter- 
mediate products consists in the fact that their derivatives 
have been prepared. ^ If an alkyl group, such as methyl or 
ethyl, be introduced* into the above molecules instead of 
hydrogen, to form the compounds CHo.CH(OC2H|.)o and 
CH(OC2 H,j);{ respectively, the latter are found to be stable 
products which can be isolated without decomposition. 
This increased stability is due to the weighting of the 
molecule by the replacement of the two or three atoms of 
hydrogen by the heavier ethyl groups. By analogy, it is 
reasonable to assume that the corresponding hydrogen 
compounds would be formed, as indicated in the above 
reactions, were it not for their want of stability ; a useful 
method is thus available for following the course of such 
decompositions as are involved in the above preparations 
of acetaldehyde and formic acid. 

Amongst aromatic hydrocarbons, the homologues of 
benzene give rise to two distinct classes of halogen 
derivatives : those in which a hydrogen atom is substituted 
in the benzene ring itself, and those in which the replace- 
ment takes place in the side-chain. The isomeric monochlor- 
substitution products, chlortoluene and benzyl chloride are 
thus derived from toluene^; — 

C^Hs.CHj. CffH*Gl.CH« C«H8.CHjCl. 

Toluene. Mono-chlorloluene. Benzyl chloride. 

Mono-chlortoluene possesses the stability characteristic 
of all true aromatic haloid compounds — for instance, 
towards alkali — whilst its isomer benzyl chloride behaves 
similarly to the aliphatic halogen compounds, and yields the 
corresponding alcohol with potassium or silver hydroxide. 
The isomeric relations become more numerous when more 
than one hydrogen atom is replaced, but the application 

> Cf. Chap. V. p. 69. 
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of such a reaction as the above always serves to ascertain 
whether one or more halogen atoms are in the ring or in 
the side-chain. Thus, benzaldehydc is prepared from 
the dichlor-substitution product of toluene, benzylidene 
chloride, by heating with water under pressure — a reaction 
exactly analogous to the preparation of acetaldehyde from 
ethylidene dichloride : — • 

/OH 

C0H5.CHCI2 CeHfi.CHO. 

\OH 

benzylidene chloride. (Intermediate compound.) Benzaldehyde. 

Similar differences occur in almost every group of 
benzene derivatives. Substituents in the ring and sub-* 
stituents in the side-chain have each certain distinguishing 
properties giving them what is known as their aromatic 
and ‘^aliphatic character*’ respectively. The latter sub- 
stituents are comparatively uninfluenced by the presence of 
the benzene ring, and they behave solely as if in combinatron 
with an aliphatic radical. Side by side with this difference 
in the chemical behaviour of the halogen substitution 
products of the aromatic hydrocarbons, there are well- 
defined conditions for the introduction of the halogen into 
the ring or into the side-chain. At the ordinary temperature 
and in diffused daylight the substitution takes place in the 
ring, whereas at the boiling-point of the hydrocarbon or in 
direct sunlight, side-chain substitution products result. By 
chlorinating cold toluene, for instance, mono-chlortoluene 
(C0H4CI.CH3) is first obtained ; if the chlorination be con- 
tinued at the boiling point, the mixed dichlor-derivative 
with one chlorine atom in the ring and one in the side- 
chain, chlorbenzyl chloride C3H4CI.CH2CI is obtained. 
The influence of light is somewhat less regular than that 
of heat ; it is been made the subject of special study by 
Schramm.^ Toluene and the three xylenes all form side- 
chain substitution products when treated with bromine in 
direct sunlight, but with mcsitylene, C^H3(CH3)3, a hydro- 
gen atom in the ring is substituted to form ; 

on further bromination, however, the second bromine atom 
enters the side-chain. 

^ ^vui. 350, 606 iiod 127a; 1886, xix. 2x2; and Ji 

Chcm, i 899 , Uavi. [i] 197* 
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Derivatives of the Hydrocarbons containing Oxygen: 
Alcohols^ EtherSy Acids^ Aldehydes, and Ketones, — Oxygen, 
being a divalent element, can give rise to a greater variety 
of combinations with the organic radicals than Is possible 
with the univalent halogens. In direct combination with 
the methyl or ethyl group simple ethers such as dimethyl- 
e4;her and diethyl>ethcr result ; if the radicals arc different 
a mixed ether, such as methyl-ethyl ether, is possible. 

CH3. C3H3. CH3 . 

>0 V >0 >0. 

CH3/ C3H/ C3H,/ 

Dimethyl ether. Diethyl ether. Mcthyl elhyl ether. 

Indirectly, in combination with other elements, especially 
hydrogen and carbon, oxygen leads to the formation of 
the typical groups of several most important scries of 
compounds. Oxygen and hydrogen form the univalent 
group hydroxyl y OH ; carbon and oxygen the divalent 
group carbonyl^ CO. The hydroxyl group when attached 
to an alcohol radical group forms a saturated compound 
such as C^H^.O!!, ethyl alcohol. The divalent carbonyl 
group yields univalent groups when attached to hydrogen, 
to hydroxyl, or to an alcohol radical such as methyl, each 
of which gives rise to a stable saturated molecule when 
in combination with an alcohol radical, thus : — 


^co 

Hs 

^CO 

"■'.CO 

CII/ 

Caibunyl gruujj. 

Aldehyde group. 

Aceliildehyde. 


^CO 

HOv 

>co 

<z\\/ 


Acid or carlwxyl group 

. Acetic acid. 


CH 3 . 

>co 

CH.. 

CO 

CH3' 


K clone group. 

Dimclhyl ketone (Acetone) 


All alcohols, aldehydes, acids, and ketones contain 
these respective groups in combination with n^fe^d^carbon 

9 
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radical ; represciitinj^ the latter by R and R', they haVC 
the following: ji'eneral formiilse: — 

R--OH. Alcohols. Racoon. Acids. 

R— CHO. Aldehydes. R—CO— R\ Ketones. 

In the formula for ketones, the radicals R and R' may be 
either like or unlike. The structure of these groups has 
been proved by their chemical behaviour and by their mutual 
relations ; similar properties are made use of for their 
recognition. By the action of phosphorus pentachloride, 
for instance, the hydroxyl group of the alcohols is replaced 
by chlorine, and the resulting chlorine substitution pro- 
ducts can be reduced to their respective hydrocarbons, or 
obtained therefrom by direct chlorination. The relation of 
an alcohol to its hydrocarbon can thus be easily estab- 
lished, e.g. ; — 

CM,, .a 

Ethyl alcohol. Ethyl chlorulc. Ethane. 

These changes prove the presence of the or ethyl 

radical in ethyl alcohol; also, that it is attached to a 
univalent radical because the latter is replaceable by one 
atom of chlorine. This proof of the structure of the 
alcohols is supplemented by the reaction of ethyl chloride 
and its homologues with silver hydroxide, already referred 
to, a reaction of synthetical value because it allows of the 
preparation of an alcohol from its hydrocarbon. 

Dimethyl ether, like ethyl alcohol, has the empirical 
formula C.^H^,0, but its decomposition products are entirely 
different and show that it does not contain an ethyl radical, 
but two methyl radicals, united by an oxygen atom. With 
hydriodic acid, for example, methyl iodide and methyl 
alcohol result : — * 

CH. H 

>0+1 = CH.J.OH + CH„l 

= CH.j l i Mclbyl alcohol. Methyl iorlicle. 

All ethers are similarly constituted ; they may be regarded 
as alcohols in which the hydrogen of the hydroxyl group 
is replaced by an alcohol radical, a view that is fully 
justified by . their synthesis. Diethyl ether, the ordinary 
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ether of commerce, is, for instance, formed when ethyl 
iodide is treated with sodium ethylate, according' to the 
e(|uatIoii: — 

CaHa.O.Na + Nal 

Sodium ethylate, lilthyl iodide. Dictliyl ether. 

This reaction and the decomposition by hydriodic acid first 
led Williamson (1850) to the correct formula for the ethers 
and to the explanation of the continuous etherification 
process in which ethyl ether is prepared by the action of 
alcohol on sulphuVic acid. This method of preparation, 
which dates from the sixteenth century, remained un- 
explained until, aided by the doctrine of valency and the 
theory of types, Williamson was able to explain its course 
by his proof of the structural formula of ether.^ 

The structure of aldehydes, ketones, and acids has been 
proved by their relations to the alcohols, as well as by 
reactions and methods of preparation, which show a 
consistent variation for each group. 

For instance, by the oxidation of ethyl alcohol, acetal- 
dehyde and acetic acid are successively formed, and by 
means, of suitable reducing agents these changes can be 
reversed; they are represented by the following formulae: — 

— > ^2^4^ — ^ C2H40.> by oxidation. 

C.jHfiO < — C.jH^O C2H4O3 by reduction. 

Ethyl alcohol. AceUnldchytle. Acetic acid. 

Two of the six hydrogen atoms in ethyl alcohol are 
removed in the oxidation. According to the structure of 
ethyl alcohol, which has been proved above, three of these 
six atoms of hydrogen are in combination with one of the 
carbon atoms, two with the second, and the third with 
oxygen in the hydroxyl group, as shown in the formula 
CHy.CHjj.OH. An important synthetical method for the 
preparation of organic acids proves that the CH^, or 
methyl group, is retained in acetic acid. 

The univalent radical cyanogen (CN), which shows 
many analogies to the halogens, is readily substituted for 
the latter in organic compounds. By the action of 

^ A full account and history of the process is given by Roscoc and 
Schorleinmer, Treaiisc on Chemistry ^ 1S81, vol. iii. part i. p. 323. 
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potassium cyanide on methyl iodide, for example, methyl 
cyanide is formed by double decomposition : — 

CHg.l + KCN - CHgXN + K1 

Methyl iocUde. Methyl cyanide. 

Such cyanides are decomposed by dilute alkalis or acids 
with the formation of organic acids and ammonia. On 
account of this decomposition they are more generally 
known as the “ nitriles” of the acids obtained from- them. 
The reaction may be represented as taking place with 
water : — 

CHg.CN + 2H,0 - CH.,.COOH + NHg 

Acetonitrile. Acetic acid. 

The presence of the methyl group in acetic acid is proved 
by this .synthesis, and the position of acetaldehyde as the 
intermediate oxidation or reduction product of ethyl 
alcohol and acetic acid respectively, is evidence of its con- 
taining the same radical. It is, therefore, the CH^OH 
group of the alcohol molecule that is attacked in the 
oxidation to form the aldehyde and acid groups suc- 
cessively: — 

— CHpH + O = — CHO + HgO 
— CHO + O - — COOH. 

Ketones result by the oxidation of alcohols containing 
the CH.OH group, such as i.sopropyl alcohol, and they 
can also be proved to contain the same radicals as the 
original alcohol: — 

CHg.CHOH.CH 3 + O - CH 3 .CO.CH 3 + lip. 

Isopropyl alcohol. Dimethyl ketone (Acetom). 

The relations of aldehydes, ketones, and acids to the 
alcohols are indicated by the above data; further re- 
actions and methods of preparation are necessary to 
complete the proof of their structure. The action of 
phosphorus pcntachloride on ethyl alcohol has been 
referred to above ; this reagent also effects typical 
decompositions with aldehydes, ketones, and acids. In 
the case of ethyl alcohol the action is exactly analogous 
to that of the pentachloride on water; the divalent oxygen 
atom is displaced by two atoms of chlorine, one of which 
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remains in combination with the alcohol radical, the other 
with hyclrog-en as hydrochloric acid, whilst the residue of 
phosphorus and chlorine combines with the liberated 
oxygen to form pliosphorus oxychloride. 'I he final result, 
therefore, is the substitution of the hydroxyl group by 
an atom of chlorine. With aldehydes and ketones the 
(Jivalent oxygen atom of the carbonyl group is directly 
replaced by two chlorine atoms, without the liberation of 
hydrochloric acid. Acids offer the possibility of either 
method of interchange; they behave, however, like the 
alcohols which pr<)ves that they contain the hydroxyl 
group. These ^changes are represented in the following 
equations ; the formula of phosphorus pentachloride PClr, 
is written as CI3P.CI2 to facilitate the comparison of the 
decompositions : — 


CI:,P<... 

^:ci 

0 

,.1^ • 

;Mi.( , 1 .^ 

■4^ 

HCl 

- + + POCl.. 

HCl 


Water. 


/iq... 

Cl,P< 

^Cl 

HCl 

+ >0 - + + POCl,. 

CoH/ C 3H,,C1 


Ethyl alcohol. 

Ethyl chloride. 

:/Cl 

C1«P< + 

i^Cl 

“\ 

C1I3.CHCI3 + P0CI3 
Eihylidcne dichloride. 


Acetaldehyde. 


iCl^P: 




Cl 


i^ci 


CH3. 

^C.CHg = CH.,.CCl3.CH3 + POCl., 

jO' Dichlorprop.ine. 



Acetone. 

+ . > 
CH3.C0 j 

Acetic acid. 


IlCl 

4 

CH3CO.CI 4 POCI3. 
Acetyl chloride. 
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The Structural relation of aldehydes and ketones shown 
by these reactions is confirmed by one* of the readiest 
methods for their preparation. Ketones are obtained by 
distilling- the salts of acetic ackl or of its higher homo- 
logues, eitlicr alone, or mixed in molecular proportions, 
whilst if sodium formate be employed with one of its 
homologues aldehydes result. Ketones, therefore, agait^ 
appear as derivatives of the aldehydes in which a hydrogen 
atom is replaced by an alkyl group. These methods of 
preparation are typified by the following equations ; they 
fall into line with the decomposition of the acids by heating 
with soda lime, an Important method for the synthesis of 
hydrocarbons : — 


CH.CO - ONa 
CH,-^ COONa 

i ... 

Sodium acetate (2 molecules). 

CH3CO ONa 

H COONa 

Sodium acetate and formate. 

H^- ONa 

j 

CHji COONa 

Sodium acetate and ssoda-Iime. 


CH,\ 

\CO + Na„CO, 
CH,' 

Acetone. 


CH,v 

^CO + Na..CO, 
H/ 


Acetaldehyde. 


- CH4 + Na 2 C 03 


Methane. 


To sum up this evidence, alcohols are proved to contain 
the hydroxyl group by their preparation from and con- 
version into the monohalogen substitution products of 
hydrocarbons containing the same number of carbon 
atoms ; ethers contain two alkyl radicals linked to an 
atom of oxygen, as proved by their decomposition with 
hydriodic acid and by their direct synthesis from com- 
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pounds in which the containecl radicals are present. 
That aldehydes and ketones contain a carbonyl group is 
proved by the action of phosphorus pentachloride and by 
their relation to the alcohols, aiKl finally the synthesis of 
acids from the halogen derivatives of the hydrocarbons via 
the nitriles and the substitution of a hydroxyl group by 
chlorine when they are treated with phosphorus penta- 
chloride show that they contain the atomic grouping 
represerrted by the carboxyl radical. 

In drawing conclusions as to the structure of com- 
pounds from such ^chemical reactions as the above, it is 
generally assumed that in the mutual replacement of 
atoms or radicals the new substituent takes the place of the 
one that has been removed and that it does not push itself 
in between any two atoms previously in direct combination. 
These assumptions are justified by the fact that they lead 
to concordant conclusions in their application to the 
majority of the reactions associated with the structure of 
compounds. Cases do certainly occur involving more 
than a direct replacement which at times are very mis- 
leading. They are generally conditioned by high tem- 
peratures or by violent reactions, which cause the initial 
product of the reaction to undergo secondary decom- 
positions ; the best check on the indirect course of such 
changes is usually obtained from quantitative considera- 
tions. In interpreting the value of reactions bearing on 
the structure of compounds, this question of yield is of 
great importance ; if the product of a reaction ojily 
accounts for a small percentage of the original compound 
its formation may very likely be due to secondary decom- 
positions. Without a full knowledge of these secondary 
changes, which as a rule are very difficult to follow, such 
reactions are valueless from a constitutional point of view. 
In the decompositions made use of above as evidence ot 
the structure of alcohols and acids, a good yield of the 
derived product is always obtained, showing that the 
mass of the compound acted upon has reacted in the 
manner indicated by the equations. In thoroughly investi- 
gated reactions a yield of 80 or 90 per cent, is quite 
common. The importance of the quantitative relations 
in the reactions of organic compounds is quite as great as 
amongst inorganic substances, and, therefore, the yield 
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must always bear a full share of responsibility in deciding 
the structure of compounds. 

Autoxidiitlon. — The justification of tlic assumption that 
atoms and radicals replace each other directly, and do not 
push themselves in between atoms previously in direct 
com'bination, is not always apparent. For instance, in the 
equation usually g^iven as representing the oxidation of 
acetaldehyde to acetic acid, the added oxygen atom enters 
the molecule between an atom of hydrogen and one of 
carbon ; — 

+ o 

H 

The oxidation of aldehydes to the corresponding acids 
takes place extremely readily, even on exposure to air at 
the ordinary temperature. I 3 oth inorganic and organic 
chemistry furnish many examples of substances that are 
similarly oxidised by the oxygen of the air ; zinc is 
oxidised to oxide of zinc in presence of water, sulphuretted 
hydrogen to water with separation of sulphur, unsatii rated 
hydrocarbons, especially terpenes, to oxygenated com- 
pounds the exact nature of which is at present indefinite, 
whilst the gradual oxidation of unsaturated acids and 
their glycerides, such as linseed oil, has long been made 
use of in the arts. The term antoxidatim has been 
suggested by Traubc for all oxidations that take place in 
this manner. These aiitoxidation processes were first 
investigated by Schonbein (1858), and have since been 
carefully studied by van’t Hoff, Engler, Bach, Jorissen, 
Nef, Baeyer, Villigcr and Manchot.^ The object of these 
investigators has been to elucidate the method by which 
free oxygen can enter into, or change, the molecule oxidised ; 
their experiments have revealed many important facts 
which bear, not only on autoxidation, but also on com- 
bustion and other methods of oxidation. The aldehydes 

* Van’l HofTs work is described in his Ltcturei on ThecretUal and 
Physical Chemistry^ vol. i. p. 196 ; trans. by Lehfeldt. Abstracts of the 
other papers will be found in the Journal of the Chemiced Society from 
1898 onwards; also in monographs by G. Rodlander, **Ueber iangsame 
Verbrennung,** 1899; Sammhmi* chem, und chem.-tcchnischer VortriigCy 
and by C. Engler and J. Weissberg, Kritische Slttdien iiber die Vbrgange 
der Aittoxydation^ 1904. 
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have played an important part in the study of the subject; 
the application of the conclusions, as yet established, to 
their autoxidalion will be considered after a prelinunary 
reference to a general property of the aldehydes, which is 
of importance in regard to their structural relations to 
their oxidation products. 

Although aldehydes and other compounds containing 
llie carbonyl group arc usually regarded as saturated 
.molecules, it will be noticed that they contain a double 
linking between the carbon and the oxygen in the C^O 
group. Hy virtue of this double linking they are enabled 
to act, in many ways, similarly to the unsatiiratcd carbon 
compounds, since, as was pointed out earlier, such double 
linkings form a less stable bond between the atoms than 
single linkings. They are thus capable of forming a 
number of characteristic addition products, some of which 
are of value for their isolation and identification. Acetal- 
dehyde combines directly with ammonia, with acid sodium 
sulphite, and with hydrocyanic acid; ketones and aromatic 
aldehydes with the two latter reagents; acid chlorides with 
organic zinc and magnesium compounds, and esters with 
the sodium derivatives of the alcohols. The addition of 
these reagents, in themselves saituratcd molecules, is 
accounted for l3y a breaking open of the double bond 
between the carbon and the oxygen in the carbonyl group. 
The addition products:— 

ClI3.CHO.NH3, CH3.CHO.HCN, 

Aldehyde Ammonia, Aldehyde cyanhydrin, 

CrtH,.CH 0 .NaHS 03 , 

Bcnzaldchyde acid sodium sulphite, 

are regarded as built up as follows: — 


yOH 

CH3.CH<; 

\NH,, 

Aldehyde ammonia. 


CH,.CH 




OH 


\CN 

Acetaldehyde cyanhydrin. 

OH 


C«H,.CH./ 

^SOgONa. 
Benzaldehyde acid soilium sulphite. 
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These structural formulae have been accepted as correct 
on account of the chemical behaviour of many such com-r 
pounds and in part from analog-y ; that the cyanoj^en jjroup, 
for instance, is present in aldehyde cyanhydrin is proved 
by tlie action of alkalis, which convert it into the carboxyl 
g’roup, the characteristic reaction for the preparation of 
acids. This reaction forms a standard method for the ^ 
preparation of such hydroxy-acids; lactic acid is thus pre- 
pared from acetaldehyde cyanhydrin, in accordance with- 
the equation : — 


.OH 

CH,.CH< — > 

^CN 

Acetaldehyde cyanhydrin. 


.OH 

''COOH 

Lactic acid. 


The molecular rearrangement necessary for the formation 
of compounds of this type is effected by the readjustment 
of the two bonds uniting the oxygen and carbon atom, of 
the carboxyl group, so that they remain linked by one bond 
only, thus leaving a free bond with each of the atoms, to 
each of which a univalent atom or group can be linked. 
For instance, in the formation of a cyanhydrin: — 


CH,.C/ 


CH^.C^-O + H.CN — 


CHa.C^OH 

I 

CN 


The dotted lines indicate the affinities in the unsaturated 
molecule, to which the added groups are attached. ' Many 
reactions receive their explanation from a readju.stment of 
the atomic affinities in molecules, on similar lines, notably 
the polymerisation of aldehydes and of cyanogen com- 
pounds. 

The bearing of this property of aldehydes on their 
oxidation, lies, in the first place, in an early idea that the 
reaction is conditioned by the presence of water. In the 
case of benzaldehyde, for instance, this addition of water 
allows of the formation of the unstable dlhydroxy-com- 
pound, benzylidene glycol, the oxidation of which to benzoic 
acid, can take place by the direct removal of two atoms of 
hydrogen, and without the added oxygen Jitom pushing 
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itself in between the directly combined carbon and oxygren. 
This view, which brings the reaction into accord with the 
assumptions dealt with above, is expressed by the following 
equations: — 

Ai M 

C„H-C/ + H,0 -= 

. \0 ■ ' \OH 

I{cn/.aUldiytlc. licnzylirlenc glycol. 


C,,H,,C^ OH +' 
•OH 

Bcnzylidcnc glycol. 


O - C„H,.C 




o 


OH 

Benzoic acid. 


+ up 


It will be noticed that the molecule of water added in the 
first equation is liberated in the second, and is, therefore, 
available to undergo a similar cycle of changes with 
another molecule of the aldehyde ; hence, the smallest trace 
of moisture, theoretically one molecule, will suffice for the 
complete oxidation. 

Nef states that dry benzaldehyde is not oxidised by dry 
oxygen, and therefore his experiment favours this view of 
the oxidation, but Jorissen was unable to confirm this 
result. It will be readily understood that it is difficult to 
dry a liquid like benzaldehyde so completely as to remove 
the last traces of water, but judging from allied changes, 
it is very probable that moisture favours the normal course 
of the oxidation. 

The influence of moisture on chemical change has been 
very fully studied amongst inorganic compounds;^ it is one 
of the “small causes” which influence many reactions, 
such as the combination of hydrogen and chlorine on ex- 
posure to light, and the burning of carbon monoxide 
to carbon dioxide. In organic chemistry the subject has 
received less attention, partly on account of the greater 
difficulty of getting liquids and solids completely dry, as 
compared with gases; there is no doubt, however, that 
water, and similarly constituted substances such as alcohol, 

' Bibliogrnphies on the inilucnce of moislurr on chemical change are 
given by II. B. Baker, y. Chetn, Soc., 1894, Ixv. 61 1, and by J. W. 
Mellor and E. J. Russell, /. C/tem, Soc., 1902, Ixxxi. 1272. 
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whether present as a solvent or only in traces, are most 
important factors in the course of many reactions.^ 

The recent researches on autoxidation arc more far- 
reaching in rcg-ard to their bearinj^ on the rationale of 
the oxidation of benzaldehyde. The above explanation 
represents the oxidation as taking* place by the action of 
a single oxygen atom^ whereas oxygen gas, and, similarly, 
that admixed with nitrogen and other gases in the air, is 
always looked upon as molecular. In order, therefore,' 
that the oxidation may be effected by atomic oxygen, a 
previous decomposition of the molecule, O^, is essential. 
Schonbein was the first to show that certain substances, 
such as a solution of indigo blue or of arsenious acid, 
which are not oxidised by molecular oxygen when alone, 
readily undergo oxidation in presence of an auto-oxidisablc 
substance such as benzaldchyde, and quantitative experi- 
ments have proved that half the added oxygen goes to the 
aldehyde and half to the indigo or arsenious acid solution. 
In absence of indigo, one molecule of oxygen oxidises two 
molecules of benzaldehyde ; in its presence only one mole- 
cule of the aldehyde is oxidised. Van’t Hoff attributes this 
behaviour to the dissociation of the oxygen molecule into 
two oppositely electrically-charged atoms, one of which 
combines with the aldehyde and the other with the indigo 
blue, the recipient of the reaction. Representing the 
aldehyde by A and the recipient by B, this view of the 
change may be represented as follows: — 

+ ~ + — 

Oy s*0 + 0j A + 0 = AO I B ■}“ O == BO. 

This state of dissociation is supposed to exist to some 
extent at the ordinary temperature; it necessitates either 
an electrical or a chemical difference in the two atoms of 
an oxygen molecule which at present lacks experimental 
verification. 

The study of other phenomena of autoxidation has 
led to a more plausible explanation of the process. 
There is sound experimental proof that the oxidation of 
hydrogen to hydrogen peroxide and of sodium "to sodium 

' CL /, Ckem, Soc,y 1899, Ixxv. 1155: Kohn and Trantom, “TIic 
interaclion of Benzaldehyde and Sodium hydroxide.’’ 
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peroxide is due to molecular oxygen, and, moreover, that 
in the formation of their lower oxides from the elements 
these peroxides are similarly formed as the first product 
of the reaction. For instance, the combustion of hydrogen 
does not take place according to the usual equation; — 
2lLj + O.j — 2H.^0, but hydrogen peroxide is first formed, 
w|iich then oxidises a second molecule of hydrogen with 
the formation of water, thus; — 

I. n.j + 02= H0O2 II. + HoOg = 2 H^ 0 . 

No initial decomposition of the oxygen molecule is 
necessary for such a change- Similarly, in the oxidation 
.of benzaldehyde it has been shown^ that two atoms of 
oxygen are first added to form a peroxide, benzoyl 
hydrogen peroxide, the analogue of hydrogen peroxide: — 

H — O — OH. Hydrogen peroxide. 

CqH^.CO — O — OH. Benzoyl hydrogen peroxide. 

The subsequent course of the oxidation depends upon the 
substances present. If the aldehyde be alone, then the 
peroxide oxidises a second molecule and two molecules of 
benzoic acid result. Representing benzaldehyde by A as 
above ; — 

A + O^ = AOg. ; A + AO2 == 2AO. 

If indigo or some other recipient (B) be present, this is 
oxidised by the peroxide, and only one molecule of benzoic 
acid (AO) is formed : — 

A + O2 = AO^; B + AO2 = BO + AO. 

These changes are fully in accord with the quantitative 
relations of the reactions as established by experiment. 
Benzoyl hydrogen peroxide itself is a crystalline solid 
which dissolves in benzaldehyde; when the two com- 
pounds are mixed in molecular proportions the product 
changes in a fbw minutes to a solid mass of benzoic acid. 

^ von Baeycr and Villiger, Burichit^ 1900, xxxiii. 1569. 
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The initial oxidation of benzaldchydc can, therefore, be 
represented by the equation : — 


' + O, ^ C,H,.C^ 

\h \o— oh. 


Benzaldehydc. 


Benzoyl hydrogen peroxide. 


But it is more probable that the oxyg-en molecule is first- 
added directly, on the lines of the aldehyde addition pro- 
ducts referred to above, to form a peroxide of benzaldehyde, 
and that this passes by a molecular rearrangement into the 
more stable benzoyl hydrogen peroxide, thus : — 


i. C,H,.C/ 


/H /H 

QHs.C-0 + O, = C,,Hj.C-0 


0—0 


.H 


it. C,.H5.C^^ O 


I I ■ 
o — o 

Bcnzaldehyde peroxide. 


C..H,.C 






Benzoyl hydrogen peroxide. 


This initial product then oxidises a second molecule of 
bcnzaldehyde with the formation of two molecules of 
benzoic acid, just as the hydrogen peroxide formed in the 
oxidation of hydrogen oxidises a second molecule of the 
latter, as represented by the equation: — 

QH,,CO.O.OH + C.Hft.CHO - 

CeH^.COOH + C.H^.COOH. 

Benzoic acid. 

Whether the moisture, which is probably necessary for the 
oxidation, plays a part in both phases of the reaction or 
only in one, has not been decided; if only in the second 
phase, then the following equations, which include the 
formation of benzylidene glycol, will represent the com- 
plete oxidation, the two hydrogen atoms, marked with 
an asterisk being oxidised by an atom of oxygen from the 
peroxide ; — 
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i. C,>H.vC^ + II 


Benzaldchydc. 


o 


'O— OH 

Benzuyl hydrogen ireruxidu. 




O 




OH 


NO -OH \( 


OH noh* 

licnzylidetie glycol. 


- 2QH,.C00H + H.O. 

Benzoic acid. 


These investi<^ations on the course of the oxidation of 
aldehydes bring the reaction into accord with the assump- 
tions from whicli its discussion started. They, moreover, 
show the importance of a strict examination of tho.se 
general principles which have proved the safest guide in 
the study of chemical changes, and of not being misled by 
thp idea that a simple equation on paper is a full inter- 
pretation of a chemical reaction. Such equations .serve 
a useful purpo.se in representing the relations of the initial 
and final products of a decomposition, and this justifies 
their use.; but they often hide as much as they explain, 
and it is this more exact knowledge that is now being 
sought by chemists. 

So/ne Typical Derivatives of Alcohols^ Acids ^ and Phomls, 
— In every class of hydrocarbon derivatives certain 
modifications in the properties, both chemical and phy.sical, 
arc associated with the introduction of each substituting 
group or element; these lead to the formation of char- 
acteristic compounds which show a strict analogy in their 
chemical behaviour, modified in degree by the nature of 
the radical with which the substituting group or clement is 
in combination, as also by the presence of other sub- 
stituents. The derivatives of the alcohols arise from their 
typical hydroxyl group, the hydrogen of which is specially 
reactive. When treated with sodium, hydrogen is evolved 
and sodium ethylate formed : — 


2C,IL.0H + Na. = 2 CaH,.ONa + H, 

Sodium elhylatc. 


Alcohol radicals form ethers, acid radicals ethereal salts or 
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esters, the hydrogen of the hydroxyl group being replaced 
in each case, e,g , ; — 

' Elhyl alcohol. Diclhyl clhcr. 

C,H,. 0 —N 0 , 

Elhyl nitrate. • 

C,H^.O— COCH^ 

Ethyl acetate. 

These derivatives, in conjunction with typical reactions, 
such as that with phosphorus pentachloride, serve for the 
recognition of the hydroxyl group; if more than one 
hydroxyl group be present in a compound, each must fulfil 
these general characteristics. Glycol and glycerol, for 
instance, contain two and three hydroxyl groups re- 
spectively; with phosphorus pentachloride, di- and tri-chlor 
substitution products result. The presence of five hydroxyl 
groups in grape sugar and of eight in cane sugar has bcjen 
proved by the preparation of their acetyl derivatives; in 
the former case five acetyl groups can be introduced, in 
the latter eight, just as the one hydroxyl of ethyl alcohol 
can have its hydrogen replaced by acetyl to form ethyl 
acetate. 

The properties of the organic acids are entirely in accord 
with the structure of their carboxyl group, the full im- 
portance of which, us an independent radical, was first 
recogni.sed by v. Baeyer (1865). By the action of bases 
they form salts, exactly on the lines of the inorganic oxygen 
acids, and they are similarly converted into ethereal salts 
by their interaction with alcohols. These analogies are 
exemplified in the following formulae: — 

NO2.OH. CH3.COOH. QH5.COOH. 

Nitric acid. Acetic acid. Benzoic acid. 

NO^.ONa. CHg.COONa. C.Ho.COONa* 

Sodium nitrate. SoJiuni acetate. Sodium l^nzoate. 

NOo.OCgllv CH3.COOC2H,,. C,.H,.COOC,lI,,. 

Ethyl nitrate. Elliyl acelalc. Ethyl l)enzoate. 

Each of these derivatives results by the replacement of 
the hydrogen of the hydroxyl group, just as in the case of 
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the alcohols; in the acids this group is associated with an 
oxygenated radical, such as acetyl or bensoyl^ which is 
present in many other derivatives comparable with those 
of the alkyls, thus: — 


c,n,.on. 

Ethyl alcohol. 


C,H,.C1 

Ethyl chloride. 


C,H,, 


o. 


C,h/ 

Diethyl ether. 


CH;,CO.OH. 

Acetic acid. 

CH 3 CO.CI. 

Acetyl chloride. 

CH.COv 

>. 

^ CH3CO/ 
Acetic anhydride. 


c,dir,.coon. 

Itcnzoic acid. 

C„H,.COCl. 

Benzoyl chloride. 

C,.H,,CO. 

>0. 

C«H,CO/ 

Benzoic anhydride. 


• Ethereal salts, such as ethyl acetate, which has been 
described as a derivative of both ethyl alcohol and of 
acetic acid, take one or the other position, according as 
they are studied from the standpoint of alcohols in which 
the hydrogen of the hydroxyl group is replaced by an acid 
radical, or as acids in which the corresponding hydrogen 
is replaced by an alkyl. When more thjin one hydrogen 
atom in a hydrocarbon is replaced by carboxyl, di- and 
polybasic acids result. Malonic acid and succinic acid 
are thus derived from methane and ethane respectively, 
phthalic and mellitic acids from benzene : — r 


CH 


< 


coon 


^COOH 

Malonic acid. 


CH.,~COOH 

I : 

CH.,— coon. 

Succinic acid. 



Benzene-orthodicarboxylic acid, 
(Phthalic acid.) 


coon V, 

C 


COOIT.C 

COOII.C 



c.coon 

C.COOH 


c 


coon. 


Bcnzenc-hcxacarbo.xy]ic acid. 
(Afcllitic acid.) 


As a dibasic acid, like sulphuric acid, succinic acid can 
form two series of salts and esters, according as one or 

TO 
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both of its typical hydrogfen atoms are replaced ; similarly, 
all the other typical reactions of the acids are reproduced 
by each of the carboxyl groups present in a compound. 
When succinic acid is completely neutralised by a base, 
such as sodium hydroxide, the neutral sodium suc- 
cinate C2H4(COONa)2 is formed. Since the basicity of an 
organic acid is represented by the number of carboxyl 
groups present, the latter factor can be determined, in a 
compound of known molecular weight, by neutralisation 
with alkali, employing the usual methods of either 
volumetric or gravimetric analysis. Purely phy.sical 
methods can also be made use of for the same purpose ; 
of these the determination of the electrical conductivity is 
the most important.^ 

The hydrogen of the hydroxyl group, both in alcohols 
and acids, can be replaced by sodium and other metals, as 
stated above, but the properties of the resulting com- 
pounds, such as sodium ethylate and sodium acetate, are 
very different. 

C2H5. ONa. C H3. COONa. 

Sodium ethylate. Sodium acetate. 

The former is completely decomposed or hydrolysed by 
water into ethyl alcohol and sodium hydroxide according 
to the equation; — 

CjHvONa + H.OH - CoH.OH + NaOH. 

It cannot, accordingly, exist in aqueous solution, nor are the 
higher homologues of ethyl alcohol, such as amyl alcohol, 
which ar^insoluble in water, dissolved by aqueous alkalis, 
thus showing that they do not form salts in aqueous solution. 
Their sodium derivatives are, therefore, not regarded as 
true salts. The properties of sodium acetate, on the con- 
trary, are quite analogous to those of the salts of the 
inorganic acids, and benzoic acid, which is only slightly 
soluble in water, is readily dissolved by dilute alkalis ; 
such salts are quite stable in solution, and regenerate the 
free acid only on the addition of an acid sufficiently strong to 
liberate the acid in question from its salt. TKe oxygenated 
radicals of the organic acids have all a similar acidifying 
influence on the hydroxyl group ; the resulting compounds 

^ The method is described in text-books on Phyncal Chemistry, 
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are stable acids, pointing to the acid or electro-negative 
character of the contained radical. The alkyl radicals, 
like hydrogen, are electro positive, and when in combination 
with hydroxyl, which is itself an electro-negative radical, 
weaken the acid nature of the latter, with the result that 
the alcohols possess extremely weak acid properties, but 
tjone of the characteristics of true acids. The phenols, 
the alcohols of the aromatic group, take up an intermediate 
position. Like the alcohols, they can have their hydroxyl 
hydrogen atom replaced by metals, but the products 
formed differ from sodium ethylate and its homologues in 
being much more stable towards water. Ordinary phenol 
(carbolic acid), for instance, dissolves readily in dilute 
sodium hydroxide solution to form sodium phenate : — 

C, dir, .OH + NaOH = CoH.^.ONa + H.O 

Phenol. Sodium phennte. 

Whilst sodium acetate, however, is almost neutral in 
'solution, sodium phenate and its homologues are strongly 
alkaline ; this is due to their being partially hydrolysed 
by v'atcr. The radical of benzene, phenyl, (QH.), is, 
accordingly, less acid than acetyl or benzoyl, but markedly 
more acid than the alkyl radicals, and the phenols may be 
regarded as very weak acids ; the salts of most of the 
phenols are completely decomposed by carbonic acid, 
whilst the salts of the true organic acids, compounds con- 
taining a carboxyl group, are unaffected. This electro- 
negative character of phenyl and of other aromatic 
(now called “aryl**) radicals influences the properties 
of all their derivatives and the relative behaviour of 
analogous derivatives of alkyl, acid, and aryl radicals, as 
conditioned by their electro-chemical character, is of the 
greatest value in laboratory work. Thus, the halogen 
products obtained by the action of phosphorus chloride on 
the acids, such as acetyl chloride, behave like the chlorides 
of inorganic acids, and are readily decomposed by water, 
in contradistinction to the alkyl chlorides, such as ethyl 
chloride, which are almost unattacked by this reagent at 
the ordinary temperature. 

Derivatives of Unsaturated Hydrocarbons . — Whilst each 
sepcarate substituent of a hydrocarbon confers a certain 
definite chemical character on the containing molecule, the 
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properties and behaviour of the latter are modified by its 
degree of saturation, as well as by the mutual influences 
of dissimilar substituents and by the molecular position of 
the substituting group or groups. 

Unsatiiratcd alcohols, aldehydes, and acids are known 
bearing the same relation to the saturated compounds that 
ethylene and acetylene do to ethane. Phenol and benzoic 
acid are derivatives of unsaturated cyclic hydrocarbons^ 
and their addition products, like those of benzene, lead to 
saturated cyclic compounds of the hexamethylene type. 

The general characteristics of unsaturated aliphatic 
and cyclic substances are respectively repeated in their 
derivatives ; an unsaturated aliphatic alcohol forms esters, 
.and is prepared from its chloride in the usual way, but it 
possesses, in addition, the power of taking up one or more 
molecules of bromine or of hydrobromic acid, according to 
its degree of unsaturation. This latter property occasionally 
necessitates a circuitous route for the preparation of a 
derivative, but as a general rule the most direct way to 
unsaturated substances is from saturated compounds. 
The most interesting problem associated with ‘the deriva- 
tives of unsaturated hydrocarbons is the determination of 
the position of their double or triple links. Von Baeyer’s 
work on this subject, and its bearing on the structure of 
benzene, has already been referred to ; amongst aliphatic 
compounds the matter has been the subject of important 
investigations in connection with the unsaturated acids. 

The simplest unsaturated acid, acrylic acid, is derived from 
ethylene by the replacement of one hydrogen atom by the 
carboxyl group, and there is obviously only one possible 
position for the double bond : — 

CH2 CH2 

II II 

CHg CH.COOH. 

Ethylene. Acrylic ncid. 

The next homologue of the series has the formula 

and no less than four different structures are 
possible for an acid of this composition, three of which 
are unsaturated ; the fourth is a saturated cyclic acid, 
trimethylene carboxylic acid. Since each of the three 
contains the carboxyl group, COOH, they must differ in 



DERIVATIVES OF THE HYDROCARBONS. I49 

the structure of the residue C.,Hq with which this is com- 
bined ; the following are theoretically possible formulae 
for these isomers : — 


CHjj - CH.CHj^.COOH. 

Vinyl acclic acid. 


CII3.CH-CH.COOH 

^-Methyl acrylic acid. 


/CH3 

CH2 = C< 

^COOH. 

a- Methyl acrylic acid. 


Three unsaturatdd acids of the above composition have 
been known for a long time, and with three possible 
formula; available, it should not have been diflicult to 
assign them * their respective structures. But the task 
proved far less easy than might have been anticipated, 
although the structure of the last, a-mclhyl acrylic acid, 
had been satisfactorily established by a simple synthesis. 
The two remaining acids are found in croton oil (the oil of 
Croton tigliuni)^ and are known as crotonic and isocrotonic 
acid. Crotonic acid is a crystalline solid which melts at 
72“, isocrotonic acid a liquid boiling at lya"*, and which is 
not solidified even at - 15". These marked differences in 
physical properties show, of course, that the acids cannot 
possibly be identical, and still they behave so similarly in 
their chemical reactions that it is difficult to justify 
different structural formulae for them. This similarity is 
especially obvious in their addition products with the 
halogens and halogen acids and in the action of oxidising 
agents. Crotonic acid, for instance, yields normal butyric 
acid on reduction, ^-iodo-butyric acid with hydriodic acid 
and two molecules of acetic acid when oxidised by fusion 
with an alkali hydroxide. These reactions justify the 
acceptance of the /i-methyl acrylic acid formula, thus: — 

CH^.CHiCH.COOH + Hj - CH^.CHjj.CHa.COOH. 

Noriiiiil butyric acid. 

CHa.CHrCH.COOH + III - CH3.CIII.CJI3.COOH 

/S-Iodo-bulyric acid. 

CH3.CH : CH.COOH + H,0 + O - 

CH3.COOH + CHg-COOH 

Acetic acid. 
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The vinyl acetic acid formula remains for isocrotonic acid, 
but in its reactions with the above reagents it yields 
identically the same results as crotonic acid. Some of 

these are theoretically possible, but are so much out of 
accoi^d with the behaviour of other compounds constituted 
similarly to vinyl acetic acid, that if this structure be 
assigned to isocrotonic acid, it must be regarded a.s 
abnormal in the most characteristic reactions of analogous 
unsaturated compounds. Were no alternative structure 
possible, some explanation of the abnormal behaviour of 
isocrotonic acid would have to be sought, and many 
inconclusive experiments were made with this object until 
the modern developments of stereochemistry provided a 
new key to the isomerism which has proved well in accord 
with the chemical behaviour of the two acids. The 
stereochemical relations of these acids will be dealt with 
in Chapter XII., and it will be seen that they afford a very 
satisfactory explanation of their reactions. The possibility 
of one of them being built up on the vinyl acetic acid 
formula has been now completely disproved by the prepara- 
tion of a new acid which, from its synthesis and decomposi- 
tions, has been definitely shown to have this structure. i 

In a very similar way, all synthetical methods of prepara- 
tion have failed to show any difference in the linking of 
the atoms in maleic and fumarie acids. Both are 
unsaturated dibasic acids having the empirical formula 
C4H^04. Fumaric acid, which is found somewhat widely 
distributed in the vegetable kingdom, occurring in Iceland 
moss, truffles and in several species of Fumaria^ ^ is a 
crystalline substance sparingly soluble in water. Male’ic 
acid, on the contrary, is very soluble in water, and does 
not occur in any natural products. Subtracting the two 
carboxyl groups, 2(COOH), from the formula C4H4O4, a 
residue, CgH^, remains which leads to the two following, 
possible structural formulae for the acids ; — 

CH.COOH CH, 

II and II “COOH 

CH.COOH c<; 

\COOH. 

L IL 

^ Cf, J. Wislicenus, Berichte^ 1S99, xxxii., 2047; and Fichter and 
Sonneborn, Berickte^ 1902, xxxv., 938. 
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In the formation of addition products both fumaric and 
malci'c acid behave as if built up on Formula 1.; their 
decomposition products, though not always identical, are 
also out of accord with the second formula for cither of 
the two acids. Moreover, both the free acids and their 
derivatives are characterised by the ease with which they 
can be mutually transformed; a trace of hydriodic acid, 
for instance, suffices to convert a practically unlimited 
quantity of maleic acid into fumaric acid, and it has been 
recently shown that the same change may be effected by 
platinum black,* \Vhilst the anhydride of maleic acid is 
formed when fumaric acid is heated. These changes take 
place so readily that it is unlikely such a molecular 
rearrangement <as would be necessary for a compound of 
the first formula to pass into one of the second, or vice 
versa, could occur under these conditions. There is other 
important evidence in favour of accepting Formula I. as 
representing the structure of both fumaric and maleic 
‘acid; as in the case of the crotonic acids, stereo- 
chemistry has furnished the necessary explanation of their 
isomerism. 2 

The study of the structure of unsaturated compounds, 
which is essentially concerned with the position and 
function of the multiple linkings, has thus led to one of 
the most important developments of the conditions of 
atomic linkage, the stereochemistry of the unsaturated 
compounds. 

Derivatives of the Hydrocarbons containing Dissimilar 
Substituents , — When two or more hydrogen atoms in a 
hydrocarbon are replaced by dissimilar substituents, each 
substituting group or atom retains its characteristic pro- 
perties, and its presence may be recognised by typical 
reactions such as those already considered in the case of 
alcohols, acids and the haloid derivatives of the hydro- 
carbons. For instance, chloracetic Jicid yields salts and 
esters like acetic acid, whilst the presence of the halogen 
is shown by the action of silver hydroxide when it is 
replaced by hydroxyl to form a hydroxy-acid, just as ethyl 
chloride yields ethyl alcohol ; — 


^ Loew and Aso, Didl, Coll, Agr, Tokyo^ !• 
- Cf, Chap. xii. p. 306. 
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CII,Cl.COOH 

CH,Cl.COONa 

Monochloracelic acid. 

Spdium chloracctatc. 


— - CH^CLCOOC^H, 


Ktliyl chloracelatc. 


CHoOH.COOH. 


Hydroxy-acetic or glycollic acid. 


Hydroxy-acids, which include some of the most important 
and widely distributed acids of the vegetable kingdom, 
such as malic, tartaric, citric and salicylic, give the 
characteristic reactions of both alcohols and acids. 
When lactic acid, hydroxy-propionic acid, is treated with 
phosphorus pentachloride both the alcohol, and carboxyl, 
hydroxyl groups are replaced by chlorine to form chlor- 
propionyl chloride thus: — 


/OH 


CH3.CH<^ 


COOH 

Lactic acid. 


— > CH3.CH 


c, 

\coci 


Chlor-propionyl chloride. 


These two chlorine atoms are at once differentiated by the 
action of water; the carboxyl chlorine alone is hydrolysed, 
like that of acetyl chloride, the second chlorine atom, 
which is analogous to that of ethyl chloride, being un- 
attacked. The resulting product is, therefore, a halogen 
acid: — 


/Cl /Cl 

CH^.CH/ - CH3.CH< 

^CO.jCl + HiOH \C0 

_ ? 


COOH 


+ HCl 


Again, salicylic acid, a hydroxy-benzoic acid, is con- 
verted into a di-.sodium .salt by treatment with sodium 
hydroxide ; carbonic acid removes one only of the sodium 
atoms, a mineral acid is required to remove* the second. 
A reference to the behaviour of the sodium salts of 
phenol and of benzoic acid will at once indicate the 
bearing of these decompositions on the structure of sali- 
cylic acid : — 
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with sodium hydroxide 

^COOIL 

Salicylic acid. 

.ONa 

with carbonic acid - 

. ^COONa 


with hydrochloric acid 


/ONa 

"«"V-OON.. 

Disodium salicylate. 

.Oil 
C' H / 

\C00Na 

MonosoJium salicylate. 

/OH 

r H / 

^VOOH. 

Salicylic acid. 


The preparation of these mixed compounds is usually 
effected by means of the g’eneral methods for each sub- 
stituting group ; there are, however, several special 
reactions by means of which two different substituting 
groups are simultaneously introduced, such as the pre- 
paration of lactic acid from acetaldehyde,^ which affords, in 
addition, a good proof of the structure of the acid. 

Tartaric acid is obtained from succinic acid by first re- 
placing two hydrogen atoms in the latter by bromine, and 
then treating the dibrom-substitution product with silver 
hydroxide ; since succinic acid can be obtained from acety- 
lene via ethylene, its dibromide, and dicyanide, the synthc.sis 
of tartaric acid, starting from the elements carbon and 
hydrogen, can thus be effected. The stages in these 
changes are represented below ; the reactions carry with 
them the proof of the structural formula of tartaric acid 
as dihydroxy-succinic acid: — 


CH 

CH., 

CH.,.Br 

CH...CN 

III 

> II > 

1 “ 

1 ■ 

CH 

CH., 

CH.^.Br 

CHj.CN. 



/COOH 

CHf 

^COOH 

CH,.r:N 

CH.,.COOIl 




^Hr 

Oil 



Hr 

■ - 

Oil 

CHjj.CN 

CU,.COOH 

cn< 

\CO9H 

cue' 

x:ooH. 

Ethylene 

Succinic acid. 

Dibrom-succinic 

Tartaric acid. 

(If cyanide. 


aciil. 



' C/, this chapter p. 138. 
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The influence of dissimilar substituents on the properties 
of the containing molecule, as a whole, follows essentially 
from their typical properties and from their electro-chemical 
character. The halogen fatty acids are stronger acids 
than the simple acids, and the acidity increases with the 
number of halogen atoms introduced, a property due to the 
electro-negative character of the substituent. Similarly, • 
whilst phenol has been characterised as a very weak acid, 
trichlor-phenol decomposes the alkali carbonates. As is* 
to be expected, such electro-negative substituents have a 
weakening influence upon any bases into which they are 
introduced. Thus, the chlor-anilines are very much weaker 
bases than aniline itself. The nitro-group has a still more 
pronounced electro-negative influence than a chlorine atom. . 
Such substituents also increase the stability of certain com- 
pounds, typically the addition products of the aldehydes. 
The instability of compounds in which two hydroxyl 
groups are attached to one and the same carbon atom has 
already been referred to ; analogous compounds containing 
halogen atoms are more stable and can be isolated. 
Chloral, for instance, the trichlor-substitution product of 
acetaldehyde, combines with water to form the valuable 
hypnotic, chloral hydrate, in which the two hydroxyl 
groups are undoubtedly present, because the hydrate does 
not give certain characteristic reactions of aldehydes, which 
it would do were the added water simply present as water 
of crystallisation. 

yOH 

CH3.CHO. CCI3.CHO CCVCH^ 

\OH. 

Acetaldehyde. Chloral. Chloral hydrate 

An interesting molecular influence of the hydroxyl 
group occurs amongst aromatic compounds. Whereas all 
homologues of benzene are readily oxidised to carboxylic 
acids — toluene, for instance, to benzoic acid — the intro- 
duction of thtfhydroxyl group inhibits this oxidation by acid 
oxidising agents, such as chromic acid. When, however, 
the hydrogen of the hydroxyl is replaced by an alkyl or 
acid radical the oxidation proceeds as usual ; thus, cresol 
does not yield toluic acid, but its ethyl ether forms the 
corresponding toluic acid derivative : — 
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C«H,< 


/ 


OH 


\f 


CH, 


Crcsol. 


/OC,H, 

c«h/ 

\cil, 

Kthoxy-cresol. 


yOC,li, 

-> c«h/ 

N:ooh. 

Ethoxy- toluic aciU. 


The number of mixed derivatives of the hydrocarbons is 
naturally far in excess of those containing like substituents 
‘only; their preparation and the recognition of the various 
substituting groups present no great difficulties in the case 
df the simpler hydrocarbons. But amongst more complex 
products, and especially when the substituents are not 
only different but also numerous, the mutual influences 
exerted are more difficult to follow, and the investigation 
of the structure of a complex molecule may thus become a 
very formidable problem. 

TAe Influence of tfw Molecular Position of Substituents on 
the Properties of Cofufounds : Stertc Hindrance. — The pro- 
perties and chemical behaviour of organic compounds, in 
addition to being modified by the presence of dissimilar 
sabstituents, arc also influenced by the position of the 
substituting groups or elements in the molecule. This 
factor has already been illustrated in the oxidation pro- 
ducts of the alcohols; ethyl alcohol first forms an aldehyde, 
isopropyl alcohol, a ketone. The two isomeric propyl 
alcohols : — 


CH 3 .CH 2 .CH 2 OH. CH 3 .CHOH.CH 3 

Normal or primary propyl alcohol, Secondary or isopropyl alcohol, 

are both derived from propane by the replacement of one 
hydrogen atom by hydroxyl. They yield sodium com- 
pounds, esters, and ethers possessing similar properties to 
the corresponding derivatives of ethyl alcohol, and the 
presence of the hydroxyl group is recognised by the general 
reactions with phosphorus pentachloride or with acetyl 
chloride. In addition to these common properties, however, 
they show a difference in their behaviour towards oxidising 
agents. The normal or primary alcohol forms an aldehyde, 
just as ethyl alcohol does, whilst isopropyl alcohol forms 
acetone, in accordance with the equations: — 


CH 3 .CH 2 .CH 2 OH -f O - CH 3 .CH 2 .CHO. 

Propyl aldehyde. 


CH 3 .CHOH.CH 3 + O - CH 3 .CO.CH 3 + 

Acetone. 


+ H 2 O 
H2O. 
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These changes are reversed by the action of reducing 
agents. On further oxidation the aldehyde yields propionic 
acid, whilst the ketone is broken up with the formation of 
acids, none of which contain as many carbon atoms as the 
original alcohol. Similar differences obtain between all 
primary and secondary alcohols, and are due to the differ- 
ence in the molecular position of the substituting grgup.* 
In primary alcohols the hydroxyl is attached to the end 
carbon atom of the chain, forming the group CHjj.OII, 
in secondary alcohols to an intermediate carbon atom, as 
CH.OH ; or, in the one case the hydrogen of a CH3 group, 
in the other that of a CH2 group, has been replaced by 
hydroxyl. 

Glycerol is a tervalent alcohol containing two primary 
and one secondary alcohol groups ; its initial oxidation 
product might, therefore, be either an aldehyde-alcohol or a 


ketone-alcohol, thus : - 

— 


CFLOH 


COH 

1 

CHOH J- 

0 

I 

- CHOH + H., 0 . 

1 

CHoOH 


1 

CHijOH 

Glycerol. 

or : — 


Glyceryl aldehyde. 

CH,OH 


CHjOH 

1 

C.TIOH + 

0 

1 

- CO 4- H., 0 . 

I 

CH,OH 


1 

CH.,OH 

Dihydroxyacelone. 


As the result of experiment it has been found that both 
products may result simultaneously, though by modifying 
the conditions of oxidation a preponderance of one or of 
the other can be secured ; both arc of interest, on account 
of their having served as the starting-point in one of the 
first syntheses of the sugar group.' 

Radicals containing carbon, such as carboxyl, similarly 
induce variations in the presence of a second substituent, 
either like or unlike. Such variations are to be observed 


^ Cf. Chap. xiii. p. 335. 
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amongfst dibasic acids, halogen acids, hydroxy-acids, dike- 
tones and ketonic acids, and differences in stability, as 
well as in chemical character, are :issociated with the mole- 
cular position of the substituting groups. Thus, of the 
three hydroxy-acids derived from butane and named a, /:?, 
and 7 hydroxy-butyric acid respectively, according to the 
proximity of the hydroxyl group to the carboxyl at the 
end*of the chain, the a acid is the most stable. 

CHy.CH^.CHOH.COOH. a- Hydroxy-butyric acid. 

CH3.CH0H.CH,^C00H. ^-Hydroxy-butyric add. 

CH.,OH.CH2.CH.j.COOH. v-ITydroxy-Imtyric acid. 

Upon heating they all lose a molecule of water, but each 
in its own way, and this behaviour is similar for all 
analogous compounds. The a-acid forms a rather complex 
double anhydride, the / 3 -acid an unsaturated acid, and the 
y-acid a simple or internal anhydride, known as a lactone. 
This last decomposition, which is represented by the 
following equation, is of interest because the stereo- 
chemical relations of the contained carbon atoms explain 
why this change occurs with the 7-acid and not with the 
other two isomers^ ; — 

H,.CH..CHo.CO. 

1 + H., 0 . 

...O 

7. Hydroxy-butyric acid. Lactone. 

Differences in chemical behaviour also occur, on similar 
lines, when like substituents only are present. Thus, while 
succinic acid readily forms an anhydride from which the 
free acid can be regenerated, its isomer, iso-succinic acid, 
in which the two carboxyl groups arc attached to the 
same carbon atom, does not, but on heating, it loses a 
molecule of carbon dioxide to form a monobasic acid : - 

CH.,.COOHi CH.,.CO. 

I ^ i ■ - I ^ yO + Wp. 

CH.^.COOH CH^.CO/ 

Succinic acid. Succinic anhydride. 

^ (y, Chap. xii. p. 313. 


CHo.CHa.CHg.COOH. 

iOH 
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CHj 

1 ,CO.dH 
CH< 

\CO.OII 

Iso-saccinic acu). 


CHa 

CHg-COOlI t CO.,. 

Propionic acid.^ 


Analogous examples abound amongst all derivatives of 
the aliphatic hydrocarbons ; they have been recognised by 
the investigation of the chemical behaviour of similarly 
constituted molecules, and now serve as a valuable guide 
in drawing conclusions as to the relative position of sub- 
stituting groups. 

Amongst aromatic compounds the influence of the 
relative position of the substituting groups only comes into 
play when more than one substituent is present, owing to 
the symmetry of the benzene ring. It is evident in the 
relative properties of many di-substitution products of 
benzene^ and in the empirical laws of substitution pf 
benzenoid compounds. ^ Also, a number of extremely 
interesting instances of this influence have been brought 
out by the studies of Victor Meyer and his pupils on the 
properties of certain substituted benzoic acids and their 
derivatives, which have since been extended by other 
investigators.® 

When the two hydrogen atoms next to the carboxyl 
group in benzoic acid are replaced, for instance, by 
bromine, the dibrombenzoic acid no longer possesses the 
power, common to other organic acids, of forming a methyl 
ester when treated with methyl alcohol in presence of 
hydrochloric acid* ; if, however, the two substituting 
bromine atoms are in a different position, the acid behaves 
normally. Thus, of the two acids formulated below, the 
first is not esterifled, whilst the second is, although they 

^ Cf, Chap. X. p. 214. 

® Cf» Chap. X. p. 215. 

® Cf. V. Meyer, Berichte, 1S94, xxvii. 510, 1580, 3140; 1895, xxviii., 182, 
1254; 1896, xxix. 830. I 4 oycl and Sudborough, /. Chem. Soc.^ 1S99, 
Ixxv. 580. W. Davis,/. Chem, Soc,, igoOf IxxviL, 33. 

* Chap. ix. p. 168. Cf. also a monograph, “ Ober den Kinfln.ss der 
Kern-substilution auf die Keaktionsfahigkeil aromatischer Veibin- 
dungen,” Julius Schmidt, 1902, Sammluttg chem. und chem.dechnischer 
Vorfrage. 
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‘differ only in the relative position of the two atoms of 
bromine ; — 


coon coon 



Br 

Dibrombonzoic acid. Dibrombcnzoic acid. 

iCOOn : Br ; Br= I ; 2 : 6] [COOII : Br : Br := i : 2 : 4]. 

A similar inhibiting hifluence is produced by the groups 
CH3, OH, COOH, F, Cl, Br, I, and NOg, either separately 
or in conjunction with each other, when they occupy the 
position of the two bromine atoms in the first of the above 
formulae. Ethereal salts of such di-ortho-substituted 
benzoic acids can, however, be prepared indirectly, by first 
converting the acid into the silver salt and then treating 
this with methyl iodide, the silver which replaces the 
hydrogen of the carboxyl being substituted by the alkyl 
group, as represented in the following formula}, in which 
Xg indicates the two ortho-substituents: — 

CjjHsXy.COOH. Q^HgXa.COOAg. CcHj^X^.COOCHg 

Acid. Silver salt. Methyl ester. 

The esters obtained in this way are far more difficult to 
decompose than those in which the ortho-positions are not 
substituted; it is thus seen that the very conditions of 
substitution which inhibit the reactivity of the acids exert 
a protective influence over their esters. Other acid de- 
rivatives, such as the acid chlorides, amides, and nitriles, 
are similarly protected by ortho-substituents. 

Many analogous instances of the inhibiting influence of 
neighbouring groups have been observed in the reduction of 
nitro-compounds to amines, in the action of alcohols upon 
acid chlorides, and in the preparation of acetyl and of 
benzaldehyde derivatives of aromatic bases. The term 
steric hindrance has been introduced to express this 
inhibiting or retarding influence of substituents on the 
reactivity of a substance, since it is regarded as largely 
due to the spatial position occupied by the substituting 
groups. It has been suggested by Wegseheider (1895) 
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that this effect is due to the initial formation of an additive ’ 
compound of the alcohol and the acid, in the case of 
esterification, which subsequently decomposes into the 
ester and water; the presence of substituents in proximity 
to the carboxyl ^roup he regfards as preventing- or retard- 
ing the formation of such additive compounds, on acedunt 
of the space the substituents must necessarily occupy. • 
The formation of the intermediate additive compound 
depends on the breaking of the double bond between the 
carbon and oxygen of the carboxyl group, as in the case 
of aldehydes, and may be represented as follows for the 
formation of ethyl benzoate: — 

.O /O.Hi 

Rcnzoic acitl. 


This view is fairly in accord with many of the observed 
data on steric hindrance, but not with all, and until more 
is known of the manner in which the atoms of a molecule 
fill the space occupied by the latter, the real explanation 
of steric hindrance is not likely to be ascertained. 


'OC;iT, 

Adilitive compound. 


+ H,0. 

\OC2H, 

Klhyl benzoate. 
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ETHEREAL SALTS. 


The relation of ethereal salts or esters to ethers— Natural oc- 
currence and uses of ethereal salts. 

The preparation of eth^l acetate— The action of mass— Reversible 
or balanced reactions— The saponification of ethereal salts 
— The hydrolysis of ethereal salts by mineral acids— 
Catalysis. 

Some synthetical applications of ethereal salts:— Diethyl malonate, 
Ethylacetoacetate— The structure of the sodium derivatives 
of ethylacetoacetate and of diethyl malonate. 


The derivatives of the organic acids in which the hydrogen 
of the carboxyl group is replaced by an alcohol radical, 
such as methyl or ethyl, are known as Ethereal Salh or 
Esters. Their relation to both acids and alcohols has been 
exemplified in the previous chapter in the case of ethyl 
acetate ; this relation is typical of all ethereal salts. The 
analogy in structure between ethers and ethereal salts is 
shown by comparing the formulae of diethyl ether and of 
ethyl acetate : — 

C,H 

qh/ ch 

^ Diethyl ether. Ethyl acetate. 



Both contain two radicals united to the divalent oxygen 
atom, the second alkyl radical of the ether, in the case of 
the ester, being replaced by an adid radical. Similar 
derivatives of inorganic acids are known, amongst which the 
halogen derivatives of the hydrocarbons may be included 
as the ethereal salts of halogen acids : — 



Ethyl acetate. 


C.H 

no/ 

Ethyl nitrate. 
l6l 


cv 

Ethyl chloride. 
II 
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The term “Ester** was introduced by Gmelin in view of 
this analogy between these derivatives of acids (German, 
Sdure) and ethers, and it has been usefully adopted in this 
country as an equivalent of “ Ethereal salt.** 

Natural occurrence and tiscs of Ethereal Salts, — These 
compounds are of interest and importance from many 
points of view. Organic acids are very frequently 
found in plants, in combination with alcohols, as ethereal 
salts ; thus, Gaultheria oil — ^the oil of Gaultheria pro- 
cumhens — is the methyl ester of salicylic acid ; many of the 
simpler fatty acids, such as butyric and valeric acids, occur 
in plants as esters as well as in the free state ; bees’ wax, 
Chinese wax, and spermaceti are all simple esters of the 
higher fatty acids, and the naturally occurring fats and 
oils are compounds of the tervalent alcohol, glycerol, with 
palmitic, stearic, and oleic acids. A similar condition of 
combination results from certain metabolic changes in the 
animal body. Phenol, when taken internally, is eliminated 
as an ester of sulphuric acid, and a similar derivative of 
indoxyl, a compound of the indigo group, is found in the 
urine of herbivora, especially after treatment with indole. 
In the synthetical preparation of many compounds, ethereal 
salts have proved of the utmost value. They are them- 
selves readily accessible, and, therefore, a convenient and 
economical starting point. These syntheses have been 
realised both amongst aliphatic and cyclic compounds, and 
have, in addition, served for the preparation of the latter 
from the former; further, the simpler esters lead readily to 
the preparation of other more complex compounds, such as 
ethylacetoacetate, the study of which has led to important 
developments of modern organic chemistry. 

The ethereal salts of the organic acids have served a 
still more valuable purpose in the investigation of the 
influence of concentration in chemical change and in the 
relative measurement of the chemical affinity of acids and 
bases ; the conditions of formation and decomposition of 
the esters render them specially suitable for the study of 
these fundamental problems of chemical dynamics. 

The technical application of the esters completes the 
record of their use. In the form of glycerides they are the 
chief raw material in the soap industry and in the manufac- 
ture of candles; some of the simpler aliphatic esters are 
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employed in perfumery and in pharmacy, whilst gun cotton, 
nitroglycerine, and celluloid are derived from ethereal salts 
of nitric acid. 

The aim of the present chapter is to study the conditions 
of formation and decomposition of ethereal salts and their 
value for the synthetical preparation of compounds, together 
w^th certain important considerations that have arisen from 
the investigation of these changes. 

The Preparation of Ethyl Acetate : the Action of Mass : 
Reversible or Balanced Reactions. — The simple relation of 
ethyl acetate to tl^e alcohol and acid from which it is 
derived is shown by its preparation from these constituents. 
When acetic acid and ethyl alcohol are heated together in 
molecular proportions, the ester is formed, with the 
separation of water, as shown in the equation given 
below. It appears probable that the first action of the 
alcohol upon the acid is to form an addition compound,^ 
which immediately eliminates water according to the 
equation : — 

/OC2H5 

CH3.C00H + C2H.,0H - CH3.C^0H 

« CH3.COOC0II, + HoO 

The theoretical yield of ethyl acetate, according to this 
equation, would be 88 grams for every 60 grams of acetic 
acid and 46 grams of ethyl alcohol used for the preparation, 
these quantities representing the respective molecular 
weights of the substances concerned. But, as a matter 
of fact, when these molecular proportions of acid and 
alcohol are employed the yield never exceeds two-thirds 
of this amount. The reaction is always incomplete, 
about one-third of the alcohol and of the acid remaining 
apparently unchanged. If, on the other hand, the pro- 
ducts of the reaction, ethyl acetate and water, are heated 
together in molecular proportions, ethyl alcohol and acetic 
acid are formed according to the equation : — 

CHg.COOCgHfi + HgO « CH3.COOH + QH,OH. 

and this decomposition also reaches a limit when approxi- 
mately one-third of the ester has been converted into 


^ Cf Chap, viii, p. 160. " 
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alcohol and acid. The reaction can, therefore, proceed in 
either direction, and whether it be started from the acid 
and alcohol, or from the ester and water, the same condition 
of equilibrium is reached between the four reacting sub- 
stances — alcohol, acid, ester and water. It is this condi- 
tion that limits the change in the preparation of ethyl 
acetate from molecular proportions of ethyl alcohol apd 
acetic acid ; the equilibrium is not to be regarded as 
involving a stationary condition of the reacting substances, 
but rather a balanced action ’* in which the molecules of 
the ester are formed and decomposed with the same 
velocity. 

It is customary to represent such reversible or balanced 
reactions by equations in which the ordinary sign of 
equality is substituted by oppositely directed arrows, 
e.g* 

CH3.COOH + C2H5.OH CH3.COOC2H5 + H2O. 

A simitar equilibrium obtains in the preparation of all 
esters from molecular proportions of alcohol and acid, and 
the limit of esterification is almost independent of the 
chemical nature of the acid or alcohol employed. 

Such balanced reactions are by no means restricted to 
the preparation of esters ; numerous other instances are 
known both amongst organic and inorganic substances, 
and the results obtained have served to establish the 
important influence of mass or concentration in all cases of 
chemical change. The view that chemical affinity is the 
sole determining cause of the course of a chemical change 
was first challenged by Berthollet (1803), who put forward 
the opinion that it is primarily the relative concentrations 
of the reacting substances, in conjunction with such pro- 
perties as solubility and volatility, that direct chemical 
changes, and that chemical affinity plays only a secondary 
part. This view received practically no support for 
many years, but the investigations of Berthelot and P^an 
de St. Gilles (1862) on esterification, followed by the 
more exact studies of Guldberg and Waage (1867), have 
shown that although Berthollet somewhat exaggerated 
the influence of concentration, his contention was in the 
main correct, and' that this factor, together with tern- 
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perature, time and other conditions, must always be 
considered in judging of the relative affinities of elements 
or their equivalents. The law of mass action^ founded by 
Guldberg and Waage, has received abundant confirmation 
from subsequent investigations, and has been one of the 
most fruitful generalisations in the whole of chemistry. 

^The formation of the ethereal salts of the organic acids 
has been a specially convenient means of studying the 
influence of mass, because the reaction can be readily 
carried out at a constant temperature and without any 
change of state amongst the reacting substances, such as 
the separation of any one product in an insoluble form, 
which would remove it from the sphere of action. Further, 
because the reaction proceeds sufficiently slowly towards 
the limit to permit an analytical examination of the 
products at different time intervals during the change ; 
the connection between the rate of the reaction and the 
amount of the reacting substances can thus be followed. 
This connection is of fundamental importance in all 
chemical changes. 

In a mixture of two substances, the molecules of 
which are, according to the kinetic theory, in continual 
motion, the rate at which they will react is obviously 
proportional to the frequency with which the molecules 
come in contact with each other. This is, in its turn, 
proportional to the number of molecules of each which 
are present in a given volume. It is customary to speak 
of the number of gram-molecules per litre as the mole* 
cular concentration or active mass of a compound. The 
experiments of Guldberg and Waage fully confirmed this 
view, and led them to the conclusion that the velocity 
of chemical action is i^ilways proportional to the active 
mass of each of the reacting substances. Its application 
can first be advantageously considered in the case of a 
non-reversible reaction. 

Suppose that by the action of one molecule of a substance 
A, on one molecule of a substance B, single molecules of 
substances C and D are formed, according to the equation : — 

A + B = C + D, 

and that the molecular concentrations of A and B are 
a and d respectively, then the velocity of the reaction will, 
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according to Guldberg and Waage, be proportional to 
both a and and, therefore, to the product aby and will be 
equal to this value multiplied by a constant. The constant 
will depend upon the specific reaction concerned ; it repre- 
sents the velocity at which the reaction will proceed when 
the reacting substances are of unit molecular concen- 
tration. It is called the velocity constant of the reaction, 
and is usually denoted by k. In the start, the velocity of 
the above reaction will be represented by the equation: — 

Velocity = abxk. 

As the reaction proceeds, the concentrations of A and B 
will decrease, and if, after a certain time (/), they have 
diminished by x gram-molecules per litre, owing to the 
formation of x molecules of C and of D, the velocity of 
the reaction will be correspondingly decreased, and will be 
represented by the equation : — 

Velocityt =* k (a — x) {b — x)y 

and so the reaction will proceed, at a continually decreasing" 
rate, until one or other of the substances A or B has 
completely disappeared. The velocity constant ky which 
represents the affinities of the reacting substances under 
the conditions of the experiment, remains the same 
throughout, the change in velocity being only influenced, 
as the reaction proceeds, by the decrease in the molecular 
concentrations or active masses of A and B. 

In the formation of an ethereal salt there are two 
velocity constants to consider, owing to the reversibility of 
the reaction. If the molecular concentrations of the four 
substances in the equation : — 

CH3.COOH + CaHjj.OH CH3.COOC2H5 + H2O 

are represented by aj b, c, and d respectively, the velocity 
constant of the direct action by ky and that of the reverse 
action (decomposition of the ester into alcohol and acid) 
by then the respective velocities, after the formation of 
the ester has begun will be: — 

Velocity of direct action = k x ab. 

Velocity of reverse action ^ k' x cd. 
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After a certain time a condition of equilibrium will be 
reached, which means, as already stated, that the reaction 
proceeds with equal velocities in both directions; this con- 
dition must obviously be represented by the equation : — 

k 'A ab — k* 'X. cd. 

molecular proportions of ethyl alcohol and acetic acid 
are used, then a=^b; and since molecular proportion of 
ester and water are then formed in the reaction, 
Supposingf X gram-molecules of acid and of alcohol have 
been converted intp ester and water when equilibrium is 
reached, then the molecular concentration of the remain- 
ing acid and alcohol will be and that of the ester 

and water will be x. Hence, the above equation for the 
limit of the reaction becomes : — 


k {a—xf - /iV or 


k. 


This ratio of k to k’ is a constant independent of the 
concentration, and can be determined by an analysis of the 
reaction products when equilibrium has been attained; it 
is known as the equilibrium constanty and is represented 
by K. In the formation of esters it corresponds to the 
conversion of approximately two-thirds of the alcohol and 
of the acid into ester and water ; if the original molecular 
concentrations of the alcohol and acid are 1, then, when 
equilibrium has been reached, their active masses will be 
I - f s* J, and that of the ester and of the water will be 
Inserting these figures in the equation, the value of the 
equilibrium constant for the reaction is obtained: — 


K 


^ = 1 

k I- X f * 


This constant represents the ratio of the velocity constants 
of the two opposite reactions, and can, therefore, be made 
use of to determine the extent to which the esterification 
will proceed with any proportions of alcohol and acid. 
With three equivalents of alcohol to one of acid, 90 per 
cent, of the acid should be converted into the ester, and this 
figure is in accord with the experimental result; by still 
further increasing the proportion of alcohol, the esterifica- 
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tion of the acid can be made practically complete.* 
Similarly, the complete esterification of an alcohol can be 
effected by siifiiciently increasing: the proportion of acid 

used. 

Fpr the practical preparation of ethereal salts, it is 
obviously necessary to adopt some means for preventing 
the reversal of the reaction between the alcohol and acid. 
This can be done by the addition of a suitable reagent 
to remove the water formed in the reaction ; con* 
centrated sulphuric acid or dry hydrochloric acid gas are 
usually employed, under conditions that will be described in 
Chapter XI. ; occasionally, better results are obtained by the 
use of anhydrous salts as dehydrating agents. By this means 
both the acid and the alcohol can be completely converted 
into the ester. It was formerly regarded as necessary to 
employ a considerable quantity of the above acids to effect 
this dehydration, but it has since been shown ^ that from 2 
to 3 per cent, of hydrochloric acid is quite sufficient to com- 
plete the esterification ; the hydrochloric acid undergoes no 
change in the reaction, but simply accelerates it as a 
catalytic agent. Small quantities of sulphuric acid appear 
to act similarly. 

The Saponification of Ethereal Salts , — The gradual de- 
composition of ethereal salts by water, into the acid and 
alcohol from which they have been formed, constitutes 
the reversal of the reaction for their preparation. When 
about one-third of the ethyl acetate, represented by the 
equation: — 

CH3.COOC2H5 + H2O = CH3.COOH + C^Hg.OH 

has been converted into acetic acid and ethyl alcohol, the 
four substances, ester, water, acid, and alcohol, are in 
equilibrium, as already stated, and the reaction is balanced. 
The decomposition proceeds farther if an excess of water 
be present, but only with extreme slowness, the extent of 
the decomposition being regulated by the active mass, in 
accordance with Guldberg and Waage’s formula. The 
complete decomposition of the ester can, however, be 
readily effected by means of alkalis or of mineral acids; 


^ £. Fischer and Speyer, BtrUhit^ 1895, xxviii. 3201, 3252. 
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these decompositions are of both practical and theoretical 
importance. 

The decomposition by alkalis, such as potassium or 
sodium hydroxide, is known as Saponification; it is the 
process employed in the manufacture of soap. When 
ethyl acetate is boiled with sodium hydroxide, ethyl 
alcohol is liberated, and sodium acetate is formed, accord- 
ing to the equation: — 


CH3.COOC2HS + NaOH = CHa.COONa + C2H3.OH. 

All esters are similarly decomposed, and the process of 
saponification can be represented by such a general 
equation as: — 

R.COOR' + NaOH - R.COONa + R'.OH. 

in which R and R' represent two radicals, cither like or 
unlike. 

Experimental investigations have shown that the rate of 
saponification of the simple esters is in accordance with that 
which would be expected from the law of mass action for 
an equation such as the above; it is a reaction between two 
molecules, a hi-ntolecular reaction. The velocity constant 
for the change is practically the same for equivalent solu- 
tions of the hydroxides of the alkali metals, and of the 
alkaline earths, calcium, strontium, and barium; but it 
varies with the nature of the alcohol or acid radical 
present in the ester, when one and the same base is 
employed in the saponification. The relation of this factor, 
the velocity constant, to the saponification of more complex 
esters, affords a valuable means for ascertaining the course 
of these more complicated decompositions. This constant 
depends upon the number of reacting molecules, and serves, 
therefore, for the determination of the latter. Reactions in 
which many molecules participate are commonly employed 
as representative of chemical changes. The action of 
water upon phosphorus pentachloride is, for instance, 
represented by the equation : — 

PClfi + 4H2O - H3PO4 + 5HCI 

Phosphorus pentachloride. Phosphoric acid. 
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But this reaction can be followed through intermediate 
stages, which show that more than three molecules do not 
take part in the reaction at any one stage. These succes- 
sive changes, may be expressed by the equations: — 

i. PCI, + HgO = POCI3 + 2HCI. 

Phosphorus oxychloride. 

ii. POCI3 + 2H2O - HPO3 + 3HCI. 

Meta-phosphoric acid. 

iii. HPOg + HgO = H3PO4. 

Ortho- phosphoric acid. 

The first stage, involving the formation of phosphorus 
oxychloride, is bi-molecular, the second stage, in which 
meta-phosphoric acid is formed, is represented as ter-mole- 
cular, and the formation of ortho-phosphoric acid from the 
latter is again a bi-molecular reaction. The intermediate 
products represented in these equations are well known 
compounds, and thus the successive changes in the com- 
plete decomposition of phosphorus pentachloride by water 
are readily followed. But in many other reactions in 
which several molecules of the reacting substances are 
represented as taking part it is extremely difficult to obtain 
evidence of such intermediate stages by the ordinary 
chemical methods ; it is, therefore, of great importance that 
the velocity constant aff^ords a means for their recognition. 
The result of much experimental inquiry has been to show 
that almost all apparently complex reactions really proceed 
in stages, and comprise a series of successive 'simple 
reactions. These simple reactions are generally bi-mole- 
cular; ter-molecular changes are comparatively rare. The 
second decomposition represented above as the action of 
water on phosphorus oxychloride, for instance, is more 
probably the resultant of two bi-molecular reactions, and 
not a direct ter-molecular change. 

The application of these considerations to the saponifica- 
tion of the esters of dibasic acids has been to prove that 
the decomposition proceeds in two stages. ' Thus, diethyl 
succinate, which is derived from succinic acid, just as ethyl 
acetate is derived from acetic acid, the esterification 
extending to each of the carboxyl groups present, when 
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completely saponified, forms sodium succinate and ethyl 
alcohol. The determination of the velocity constant of 
the reaction shows that the saponification does not proceed 
according to the single equation : — 

CHo.COOCgH., CH.,.COONa 

. I + 2NaOH = 1 + aCoH.OH. 

002.00002115 OHa-COONa 

' Diethyl succinate. Sodium succinate. 


but in two successive stages, as follows : — 


i. CIIo.COOaH5 
CH,.C00C2H, 

ii. CH2.COOC2H5 
CH^.COONa 


CH2.COOC.H, 

4- NaOH =1 “ ' + aH,OH 

CH2.COONa 

Ethyl sodium succinate. 

CHo.COONa 

+ NaOH « I + QH.OH. 

CH2.COONa 

Sodium succinate. 


The first decomposition would be a ter-molecular re- 
action, the second, two successive bi-molccular reactions, 
involving two different velocity constants for the complete 
change. Guldberg and Waage’s principle of mass action 
can thus decide between the two methods of decomposition, 
and the theoretical requirements of the latter change agree 
with the experimental data. That this view is correct is 
confirmed by heating the ester with only one-half of the 
alkali required for complete decomposition. According to 
the ter-molecular change^ half of the ethyl succinate would 
be completely saponified and half left unchanged, but as a 
matter of fact 75 per cent, of the decomposition results in 
the formation of the ethyl sodium succinate, according to 
equation i. 

The saponification of fats in the manufacture of soap is 
concerned with the decomposition of ethereal salts of the 
tervalent alcohol, glycerol. Each of the hydroxyl groups 
is in combination with an acid radical, the complete de- 
composition taking place according to the following general 
equation, in which R represents the acid radical:-— 
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CHjj.OR 

CH.,.OH 

CH.OR + aNaOH 

1 ' 

- CH.OH + sR.ONa 

1 

CH2.OR 

CH2.OH 

Glyceryl ester. 

Glycerol. 


This decomposition appears as a quadri-moleculai^ de- 
composition, but like other complicated reactions, it really 
proceeds in a series of successive bi-molecular changes, 
as has been proved by the experiments of GeiteP and of 
Lewkowitsch.^ The initial change is accordingly repre- 
sented by the equation : — 

CH«.OR 

I 

CH.OR + NaOH 

I 

CH2.OR 

The acids that occur in combination with glycerol in fats 
are chiefly palmitic, stearic, and oleic acids. The two 
former, which have the formulae CjoHagOg and CjjjHggOg 
respectively, are higher acids of the acetic series, and 
their sodium salts, together with sodipm oleate, are the 
essential constituents of ordinary soap. 

The saponifleation of ethereal salts has several interest- 
ing laboratory applications. The method of ascertaining 
the number of hydroxyl groups present in an alcohol^ is 
realised practically by converting it into an ethereal salt 
and saponifying the latter; the quantity of alkali required 
for the saponifleation is readily determined, and thus the 
number of acid groups that have combined with the 
original alcohol to form the ester is ascertained. 

The velocity of saponification of esters has been used to 
determine the relative strengths of various bases, and the 
results obtained are in accord with those ascertained by 
other methods, such as the measurement of the electrical 

^ /, Ckem, Soc, Abstracts 1900, Ixxii. [ii.], 547. 

“ Proc. Chem, vol. xv., 1900, No. 213, p. 190; and Berichte, 1900, 
xxxiii. p. 89; 1906, xxxix. p. 4095. Cf, also K. Wegseheider, Monatsh, 
Chem., 1908, xxix., 83. 

^ Cf, Chap. viii. p. 144. 


CH„.OR 

I 

- CH.OR + R.ONa. 

<!;h2.oh 
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conductivity. Further, by comparing the velocity with 
which esters, such as methyl acetate, are saponified by 
aqueous solutions of the potassium salts of alcohols and 
of phenols, it has been possible to ascertain the relative 
extent to which such salts are hydrolysed in solution, 
since this velocity is dependent on the proportion of free 
*alkali that results from their decomposition by water. The 
more acid character of phenol as compared with a 
saturated aliphatic alcohol (hexyl alcohol) is thus com- 
pletely confirmed, the potassium salt of the latter being 90 
per cent, hydrolysed,^ that of phenoP less than 7 per cent., 
under analogous conditions of experiment. 

The Hydrolysis of Ethereal Salts by Mineral Acids : 
Catalysis , — The complete decomposition of ethereal salts 
by means of acids is a somewhat different process to their 
saponification by alkalis. The change is catalytic the 
acid acts as a catalyst and accelerates the decomposition, 
without itself undergoing any change. The products of 
the^hydrolysis are acid and alcohol, as represented by the 
equation : — 

CH3.COOC2H5 + HgO ^ CH3.COOH + C2H5.OH 

and the change proceeds much more rapidly in dilute acid 
solution than in piiM^e water. < 

One of the chief interests in this catalytic action lies ki 
the fact that it has proved a valuable and reliable method 
for the determination of the relative strength of acids — i,e,y 
of measuring their relative chemical affinities. Since the 
decomposition proceeds gradually, it is possible to follow it 
accurately by analysing the products present at intervals 
during the reaction, and thus to compare the accelerating 
influence of different acids. Th^ rate of change has been 
found to be proportional to the quantity of ethereal salt 
present; it ?s, therefore, in accord with the principle of 
mass action as stated by Guldberg and Waage. But since 
dilute solutions of acids are employed in the decomposition, 
the active mass of the water remains practically unchanged, 
and the reaction is accordingly uni-molecular, instead of 
being bi-molecular, as in the case of saponification. This 
brings it into line with the inversion of cane sugar and 


^ Cf, Chap. viii. p. 147- 


Cf Chapter vii. p. 117 . 
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other decompositions which have been similarly employed 
for the determination of the affinity constants of acids. 
The methods have led to concordant results, which are also 
in agreement with the determination of the same constants 
by ineai>s of the electrical conductivity. The study of the 
catalytic hydrolysis of esters is also of interest, because it 
appears to be allied to some of the changes whicl\ are* 
brought about by enzymes. These latter frequently show 
a catalytic action very analogous to that of inorganic 
substances.^ 

The catalysis of esters differs from their saponification, 
not only in being a uni«molecular change, but also in the 
manner in which the ethereal salt is attacked. This con- 
clusion has been arrived at by comparing the velocity of 
the decomposition of esters containing different acid or 
alcohol radicals, by bases and acids. With esters con- 
taining the same acid radical but different alcohol radicals, 
the velocity of saponification by alkalis decreases with an 
increase in the molecular weight of the alkyl, but the 
difference in the velocity is far less marked when only the 
acid radical of the ester is changed. Exactly the reverse 
is the case when dilute mineral acids are employed for 
the decomposition. Since the hydroxyl group of bases 
and the hydrogen of acids are to be reg^arded as the initial 
agents in the change, the above experhnental results lead 
to the conclusion that in the saponification by alkalis the 
ester molecule is attacked between the alcohol radical and 
the oxygen, in the catalysis by acids, between the acid 
radical and the oxygen, a difference that may be summarised 
by the following equations : — 

Saponificatim hy Alkalis : — 

^CHyCOO-CgHs + lfONa = CHs-^OON*^ QH^OH. 

Catalysis ly Acids : — 

CH3.CO l oC^lh + HOH = CHg.COOH + QHgOH. 

Although the study of the action of mass, reaction 
velocities, and affinity constants falls strictly within the 


’ Cf. Giap. vii, p. 117 . 
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domain of physical chemistry, the applications of the 
results arrived at and their use in the proper interpretation 
of chemical change extend to every branch of the science. 
The above examples, which have been given in outline, 
will suffice to indicate the great vaUio that is served by 
such applications, a value which is specially likely to 
dev;elop an accurate knowledge of chemical reactions, 
carrying with it both important theoretical deductions and 
direct practical indications. 

The fuller consideration of these subjects will be found 
in text-books on physical chemistry.^ 

Some Synthetical Applications of Ethereal Salts . — The 
ethereal salts serve as the starting point for very many 
syntheses of the most varied character. They arc used 
for the preparation of ketones, acids, and ketonic acids, 
both aliphatic and cyclic, and there is hardly another class 
of compounds which has proved as prolific in its synthetical 
applications. 

The most important and interesting of these reactions 
are dependent upon the power possessed by certain ethereal 
salts of forming derivatives in which an atom of hydrogen 
is replaced by sodium ; these metallic derivatives react 
with a great variety of other compounds, and thus lead to 
the preparation of new substances. Many of the reactions 
involved also afford a valuable indication of the struc^tu^e 
of the resulting products. 

Diethyl Malonate.—ln the diethyl ester of the dibasic 
acid, malonic acid, for instance, one of the two hydrogen 
atoms in the methylene group (CHg),, may be replaced by 
sodium to form a compound, which may be provisionally 
regarded as having the following formula 


yCOOH 

Malonic acid. 


/COOC^Hs 

ch/ 

VoOCjjH, 
Diethyl malonate. 


/CoqCsH, 

CH.Na< 

x:OOCsjH5 
Sodium diethyl malonate. 


1 Introductim to Physical Chetnislfy, J. Walker, fourth edition, 1907 ; 
Theoretical Chet^try from the Standpoint of Arogadrd s Rule ami ITiermo^ 
dynamics t Nernst, Irans. l>y I-chfcldt, 1904; Lectures on Theoretical and 
physical Chemistry^ van’t IIotF, Irans. by Lehfeldt, 1S98-1899; Text-books 
of Physical Chemistry^ edited by Sir William Ramsay, 1904-8, a series of 
text-books dealing with the various branches of Physical Chemistry. 
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This sodium derivative reacts with many classes of 
halogen compounds, such as alkyl and acid chlorides, and the 
monohalogen substitution products of the esters of organic 
acids, such as ethyl monochloracetate CH2CI.COOC2H5, 
and thus gives rise to the esters of complex dibasic and 
poly basic acids. The reaction with ethyl chloride may 
be represented by the equation ; — 


QH,. 


Cl; + CHiNa 


XOOC2H5 

^COOCjHs 

/COOCoH, 

CH(C,H5)< ■ ■ + NaCI. 

M:00C2H5 

PIthyl malonic ester. 


The compounds of this type that are thus obtained from 
diethyl malonate are readily acted upon by sodium ethy- 
late to form a compound in which the second hydrogen 
atom of the original methylene group is replaced by 
the metal. This new sodium derivative reacts similarly 
td the initial sodium compound ; thus, a great variety of 
substances can be obtained, especially when it is remem- 
bered that different radicals can be substituted for each ot 
the sodium atoms successively introduced. Representing 
the group in combination with the halogen element by R 
or R', which may be like or unlike, the following general 
equations will express these reactions: — 


Cl 


. /COOCaHfi yCOOC^U, 

+ CHiN< =CH.r/ +NaCl. 


■ ^COOCjHs 


R' 


€1 


+ C:Na 


^COOCoH, 


2‘*f» 


‘\ 


COOC,H, 


. C.R.R'< 


\COOC2H5 

,COOC,H« 




\COOC,H, 


+ NaCl. 




By the saponification of such ethereal salts the corre* 
spending dibasic or tribasic acids are obtained,, and these, 
like all polybasic acids containing two or more carboxyl 
groups attached to one and the same carbon atom,^ readily 

> Cf. Chapter viii., p. 157. 
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'lose carbon dioxide on healing; the malonic ester syn- 
thesis is thus extended to the preparation of monobasic 
acids. 

Saturated cyclic compounds, such as trimcthylene deriva- 
tives, are obtained from sodium diethyl malonaie by the 
action of the dihalogen derivatives of the hydrocarbons, 
such, as ethylene dibromide, a change that can be most 
sinfply represented thus: — 


CHaBri .COGCJI, 

' • :+ cn,/ ^ - 


CH.,Bri 


'\ 


COOCoH, 


CH... /COOCall-, + 

I ■>€< 

CH./ ^'COOC,H-, 

' 2HBr. 


Trimclhylcne dicarboxylic esler. 


This reaction, which can be extended to homologues of 
ethylene dibromide and allied substances, has been the 
most important means of preparing the polymethylene 
compounds. 

The synthesis of a benzenoid compound is effected by 
heating the sodium derivative of the ester with the ester 
itself. The reaction is a complex one, and it is probable 
that the initial product of the change undergoes a subse- 
quent decomposition, previous to the formation of the 
substance finally obtained, viz. :~the sodium salt of the 
dicarboxylic ester of a tri hydroxybenzene, phloroglucinol,' 
a compound having the formula : — 


COOCJr^ 

C 

NaO.C'j-^'^C.ONa 

Iicl^ ^CCOOCJI,. 

c 

ONa 

Ethyl phlorogluciuol d tear boxy late. 


' cy* Moore, /. Chem^ 1904, Ixxxv. 165. 
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The ester yields the free dicarboxylic acid 011 saponifi- 
cation, and the latter, when fused with alkali, loses carbon 
dioxide to form trihydroxy benzene, just as benzoic acid is 
decomposed to form benzene: — 



COONa 

C 

CH 

110. c 


UO.Ci'^ ^COII 


+ 2NaOH=^ 

1 + zNooCO 

lie 

^C. COONa 

ClI ^ CH 


C 

C 


OH 

Oil 


Sodium phloroglucinol dicarboxylatc. Phloroglucinol. 


This and allied reactions in which cyclic compounds are 
obtained from aliphatic substances were formerly regarded 
as having an important bearing on the structure of benzene 
and its derivatives, but more detailed studies have shown 
that their value in this respect is fallacious. The initial 
compounds used for these syntheses have generally a 
two-fold chemical character, and in their reactions they 
may function in different ways, behaving indeed as if they 
had two different formula;, according to the nature of the 
products with which they react or the conditions of the 
reactions. Hence, the results are inconclusive, a fact that 
is further complicated by the possibility that the compounds 
synthetically formed may also be capable of exerting a 
two-fold chemical character, as is actually the case with 
phloroglucinol.^ 

The valuable hypnotic veronal* furnishes a further 
example of the formation of a cyclic compound from 
diethyl malonate. By the successive replacement of the 
two hydrogen atoms of the CHg group by sodium and by 
the ethyl radical, as explained above, diethylmalonic ester 
is obtained; by heating this ester with urea the alkyl-ester 
groups are eliminated with the formation of a closed-chain 
containing two atoms of nitrogen, which is known as the 
malonyl-urea or pyrimidine ring: — 


Cf, Chapter xiv., p. 398, 


Cf, Chi^ter xvi., p. 468* 



ETHEREAL SALTS. 


179 


COiOCaH, 


C,H, 


2‘*6\ 


C< 




co:oc,H5 

Diethylmalonic ester. 


H 

H 


>N 


Hi/ 



Urea. 


C2H5. ,CO— NHv^ 
C,H/ V \CO— NH/' 


CO + 




Diethylmalonyl urea. 

( Veronal. ) 

/ 

Eihylacetoacetaie. — ^ This compound — discovered by 
Geuther in 1863 — is obtained by the action of metallic 
sodium on ethyl acetate, and is the starting point for the 
synthetical preparation of many groups of compounds 
byi means of reactions analogous to those detailed with 
diethyl malonate. It results from the combination of two 
molecules of ethyl acetate with the elimination of a mole- 
cule of ethyl alcohol, a change that may be provisionally 
represented by the equation : — 


CHa.COiOCjHg + HiCHg.COOCgHg 


Ethyl acetate. 


CH8,C0.CH2.C00C,H^ + 

Ethylacetoacetate. 


The function of the sodium, which is not represented in 
this equation, will be subsequently discussed. Ethyl- 
acetoacetate is the ethyl ester of a ketonic acid : — 

CH8.CO.CH2.COOH. 

p-Keto-butyric or acetoacetic acid. 

and as such behaves both as a ketone and as an ethereal 
salt. It is very easily saponified by treatment with 
dilute alkali, even at the ordinary temperature, but the 
resulting free acid is extremely unstable and decomposes 
most readily into acetone and carbon dioxide : — 

CH8.CO.CH2.jCOOiH = CH8.CO.CH8 + CO^ 
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Ethylacetoacetate is markedly more stable than the 
free acid, the ethyl group giving a similar increased 
stability to the molecule to that observed in the case of 
many di- and tri-hydroxy-compounds but under the 
influence of both alkalis and dilute mineral acids it under- 
goes two forms of decomposition, which are the key to 
many of the important synthetical applications of the 
ester. These decompositions are known as the ketonic 
and acid decompositions respectively, from the nature of the 
resulting compounds : — 


Ketonic decomposition. 


CH„ 

CH.. 

CO 

1 

CO + 

1 

CH., 

j 

CH, 

I + H ,0 

cooc^Hs 

CO,, + C^HjOH 

, Acid decomposition. 


CH3 

CH, 

1 

1 + 

CO 

COOH 

{ +2H20 


CH, 

CH, 

1 ■’ 

COOC,H, 

COOH + C'aHj.OH 


The break occurs at different parts of the chain in the 
two reactions, as indicated by the dotted lines, resulting, 
in the formation of acetone, carbon dioxide and alcohol in 
the first case, and of two molecules of acetic acid and one 
of alcohol in the second. The latter decomposition is 
favoured by concentrated solutions of alkali, the former by 
dilute solutions of alkali and by acids; but the two changes 
usually take place side by side, to a varying extent, with 
the derivatives of ethylacetoacetate, so that it is seldom 
possible to restrict the change to one decomposition. 

^ Cf. Chap, viii., p. 127. 
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Still, It Is usually practicable to regulate it so that one of 
the decompositions preponderates. 

Ethylacetoacetate, like diethyl malonate, contains aCHg 
group, a hydrogen atom of which can be analogously re- 
placed by sodium. This sodium deriv'^ativc reacts with 
numerous halogen compounds, such as ethyl iodide and 

^ acetyl chloride, and thus forms a ready means of replacing a 
hydrogen atom of the methylene group by the most varied 
radicals. Further, since all the resulting products can 
undergo either the above ketonic or acid decomposition, 
a great variety of aej^ds, ketones and ketonic acids can be 
thus obtained. The structure of the sodium salt and its 
reaction with ethyl iodide can be provisionally formulated 
as follows : — 

CHs.CO.CH.iNaj.COOCjHs + CjH,.! I 

Sodium ethylacetoiicctate. 

, =CH,.CO.CH.COOCjH;+NaI. 

Monocthyl-elhylaceloacetate. 

As in the case ot diethyl malonate, the above ethyl 
derivative is readily acted upon by sodium, thus allowing 
of the replacement of the second hydrogen atom of the 
methylene group. This second sodium compound is in 
every way as reactive as the first, and accordingly leads 
to the preparation of a wide series of compounds which, 
by either of the above typical decompositions of the ester, 
give rise to complex ketones and acids. To take one 
example, the sodium compound of monoethyl-ethylaceto- 
acetate forms an alkyl derivative when treated with methyl 
■ iodide from which the following products can be obtained: — 


CH» 

1 ® 

CH3 

CH3 

1 

CO 

1 

CO 

CO 

1 — 

1 

1 /CH3 

1 

1 

C.Na.CjH, 

COOCjHs 

COOC2H., 

COOC2H5 

Monocthyl -ethyl 

Sodium monocthyl 

Methyl -ethyl 

acetoacetate. 

ethylacetoacetate. 

ethylacetoacetate. 
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CH, 


CO 

• / 

CH<; 


CH, 




Methyl-ethyl 

acetone. 

[Ketonic decomposition.] 


and 


CIV 

I 

COOH. 


Methyl-ethyl 
acetic acid. 

[Acid decomposition.] 


The great value of these syntheses lies rather in the 
simplicity and reliability of the method as a proof of the 
structure of the products obtained than in the vast number 
of compounds that can be thus prepared, although some 
of these have proved of service in the study of other 
groups. 

In the synthesis of cyclic compounds ethylacetoacetate 
has proved of the greatest utility; it is one of the materials 
employed in the preparation of antipyrine,^ and is made 
in large quantity for the manufacture of this valuable 
febrifuge, whilst amongst other applications, it has served 
as the starting point In one of the earlier syntheses of uric 
acid. 

The Structure of the Sodium Derivatives of Ethylaceto^ 
acetate atid of Diethyl mahnate, — The provisional formulae 
for the sodium derivatives of ethylacetoacetate and of 
diethyl malonate used above in representing the character- 
istic reactions of these compounds were formerly regarded 
as satisfactory. Although it was recognised that the 
hydrogen atoms of a CHg group are not normally 
replaceable by metals — for instance, in the hydrocarbons 
or in the homologues of ethyl alcohol — the presence of 
certain acidifying or electro-negative groups was regarded 
as capable of conferring this property on the hydrogen 
atoms of the adjacent methylene group. In diethyl 
malonate the two carboxy-ethyl groups were looked upon 
as exerting this function ; in ethylacetoacetate it was 
attributed to the joint influence of a ketonic and of 
a carboxy-ethyl group. These acidifying groups are 
underlined in the following formula;: — 


* Cf Chap. XV., p.,407. 
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CH3.C0.CH,,.C00C.,H,. 


Kdiylarctoacetale. 

CHj.CO.CIINa.COOaH,. 

Sodium cthylacetoacetate. 

Similar acidifying groups are present in many other 
compounds which share with the above this characteristic 
of containing similarly replaceable hydrogen atoms. There 
is no doubt that specific substituting groups have a marked 
influence on the .chemical behaviour of compounds, and, 
therefore, this interpretation of the salt-forming power of 
these esters appeared quite admissible. It had, moreover, 
the quality of representing the chief reactions of these 
scvdium compounds in a simple and direct manner. But 
a general study of ' the sodium derivatives of organic 
compounds has shown that this acidifying influence is, with 
a few exceptions, restricted to radicals containing oxygen. 
Methylene chloride, CH2Cl2i for instance, does not yield 
sodium derivatives, despite the presence of the two atoms 
of chlorine, a strongly electro-negative element. The only 
case in which there is good reason for assuming a direct 
linking of a metal to carbon in organic, compounds is in 
the metallic derivatives of acetylene.^ The outcome of a 
critical study of very many groups of compounds which 
form these sodium and other metallic derivatives has been 
the conclusion that the metal is linked to an oxygen atom 
of the molecule and not to carbon, as represented in the 
above formulae. That a hydrogen atom in combination 
with oxygen is readily replaceable by metals, especially 
sodium, in organic compounds, is amply illustrated in 
such substances as the acids, alcohols and phenols, and 
whenever a similar condition of replacement is possible in 
other compounds it is now regarded as the more probable 
course of the substitution. This similarity is not possible 
with the structural formula) for ethylacetoacetate and 
diethyl malonate hitherto employed, but by representing 

» Qf, Chap. IV., p. 48. 


(:h,( 


x COOC,!!, 


Diethyl malonate. 

/C00C..H5. 

CHNa< 

^COOCjHs. 
Sodium diethyl malonate. 
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these compounds by an alternative formula, both may be 
shown to contain an hydroxy-gfroup, from which sodium 
salts may be derived, on normal lines: — 

CM,.CO.(:H,,COOCofl,. CH,,.C:(OH)---CH.COOaH,. 

Elhyl;iccl<)licotatc. " Allcrnalive forn»u1;i. 

CH;,. C(ONa) = CILCOOCHr,. 

Sodium derivative. 

COOC.,H, C< C< 

I II \OH 11 \ONa 

CH., CH CH 

I “ I I 

COOCjjH,. COOC3H,,. COOC2H,. 

Diethylmafonate. Alternative formula. Sodium derivative. 

The relation of the two structural formulae for these 
compounds will be discussed in Chapter XIV.; meanwhile, 
it will suffice to note that the formation of the hydroxyl 
group arises, in both cases, by the change in position of 
one of the methylene hydrogen atoms, accompanied by the 
formation of a double bond between two of the carbon atoms. 

By a repetition of this molecular arrangement di-sodium 
salts might be possible, in both cases, on the following 


lines: — 

CH,, 

CH2 

CH, 

C.ONa 

C.ONa 

C.ONa 

CH 

C 

C 

1 

11 /OH 
^'^OC^Hj 

11 /ONa 

COOC2H5. 

C< 


^OCjH,. 

Sodium ethylacetoacetat.. 

Alternative formula. 

Di- sodium derivative. 



/OC2H, 

C<' 

II \ONa 

if^ONa 

11 \ONa 

CH 

C 

C 

1 

II /OH 

c< 

e^ONa 

\0C2H, 

COOCaHr,. 


''OC2H, 

Sodium diethyl malon.'itc. 

Alternative formula, 

Di-sodium deriviitive. 
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There is, however, no satisfactory evidence that such salts 
can be obtained, and this is quite in accord with the 
j^enerality that the acid character of a compound is de- 
creased by the introduction of a metal. This is observed, 
for instance, in the case of phosphoric acid, H^PO^ ; there 
is a marked diminution in the heat evolved by the succes- 
-sive replacement of the three hydrog^cn atoms by sodium 
to form the salts NaH2P04, Na^HP04, and NagP04. 
When the sodium atom in the above esters is replaced by 
an alkyl or other radical, this influence is, of coursej 
removed, and the second hydrogen atom can then be 
replaced by the metal, as already stated. Making use of 
the hydroxylic formulae for the sodium salts, the products 
of the successive action of sodium and ethyl iodide upon 
ethylacetoacetate will have the following formula}; — 

CH3.C(ONa)«CH.COOC2H,. 

Sodium ethylaccloacetalc. 

' CH 3 .CO.CH(CoH,).COOC,H,. 

Monoethyl-clhylaceloacetate. 

CH3.C{ONa)-C(C2HJ.COOC2H,. 

Sodium monoethyhethylacetoacetate. 

CH3.C0.C(C,H5).,.C00C2H,. 

Dietliyl-cthylacetoacctate. 

There is full proof that the formulae of these alkyl 
derivatives of the ester are correct, and that the ethyl 
groups, in both the mono- and di-ethyl compounds, are 
attached to the carbon atom of the original methylene 
radical, and this is also the case with the analogous 
derivatives of diethyl malonatc. This structure was obvious 
■ from the equations given earlier in this chapter, in which 
the sodium was represented as replacing a hydrogen of the 
methylene group, but it requires explanation in respect to 
the acceptance of the hydroxylic formula for these sodium 
salts, since direct substitution would lead to compounds 
in which the alkyl group is attached to oxygen instead 
of to carbon. This apparently abnormal behaviour can be 
accounted for by the assumption that the sodium com- 
pound, since it contains an ethylene or unsaturated linking, 
first adds a molecule of ethyl iodide to form a saturated, 
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intermediate compound, which subsequently separates* 
sodium iodide. These changfes are shown in the following 
equations. It will be noted that the separation of the 
sodium iodide occurs with the substituents attached to one 


and the same carbon atom, whereas the constituents of 
the previously-added molecule of ethyl iodide are linked to 

adjacent carbon atoms:- 

— 

c 

CH3 

CH3 

CH3 

1 

1 /O-Na'i 

1 

C.ONa + QHsI - 

II 

C<; 

-= CO + Nal. 

11 

CH 

1 

CH.CaH, 

1 

CH.C2H, 

1 

COOCgH, 

COOC2H,, 

COOC2H,., 

Sodium ethyl- 
acetoacetate. 

Intermediate 

compound. 

Monoethyl-ethyl 

acetoacetate. 


The formation of such intermediate compounds as the 
above allows of a very plausible interpretation of many 
analogous changes; the compounds themselves are, as a 
rule, too unstable to be isolated, but direct proof of their 
formation has been obtained in several instances. In their 
bearing on the synthesis of ethylacetoacetate itself they 
afford a good explanation of the part played by the sodium 
in this reaction. In the simple equation employed above for 
representing the formation of the ester from two molecules 
of ethyl acetate, the function of the sodium in the reaction is 
not indicated. It was found by Ladenburg (1870) that the 
reaction does not take place at the ordinary temperature 
if due care be taken to remove the last traces of ethyl 
alcohol from the ethyl acetate employed. As ordinarily 
prepared, this ester always contains a little ethyl alcohol, 
and the formation of the acetoacetate is really due to its 
presence. It is the ethyl alcohol, and not the ethyl acetate, 
that is first attacked by the sodium, forming sodium 
ethylate, C2H50Na, with liberation of hydrogen ; this then 
acts upon the ethyl acetate to produce an intermediate 
compound, which, in presence of a second molecule of 
ethyl acetate, forms the sodium derivative of the aceto- 
acetate with the regeneration of a molecule of alcohol, in 
addition to that separated in the reaction. The liberated 
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alcohol is then further acted upon by the sodium, and in 
this way the cycle of changes is repeated; the action is 
fermentative in character, since a trace of ethyl alcohol is all 
that is necessary to start the formation of the acctoacetate, 
further proportions of alcohol being formed continuously, 
as the reaction proceeds. This view pf the mechanism of 
. the change, which is represented by the following equa- 
tions, is due to Claisen and Lowmann (1887) ; it is confirmed 
by the observation that the reaction may be brought about 
by sodium ethylate without the addition of any metallic 
sodium: — 


i. CH3.COOC2H, + 

yOQHg 

i. CH 3 .C:^-| 0 C 2 H 6 4 

XQNa 

Intermediate compound. 


/OC,H« 

Ci,H,.ONa = CHs.C^ OQH, 


>CH.C00C2H, 

Ethyl acetate. 


= CH3.C{ONa):CH.COOC2H, + 2C2H,jOH 

Sodium ethylacetoacetate. 


The sodium derivative then yields the free ethylaceto- 
acetatc on treatment with dilute acetic acid. It will be 
noted that the formula for the sodium salt, indicated by this 
course of the reaction, conforms with that accepted from 
other considerations. The formation of such an addition 
product as the above from a saturated molecule like ethyl 
acetate is due to a rearrangement of the atomic affinities, 
similar to that observed in the case of ketones and alde- 
hydes,^ thus allowing it to function as an unsaturated 
radical : — 

ONa 

Ethyl acetate. Unsaturaled radical. 

/ONa 

CHa-C^OCaH, 

^0C2H,. 

' Intermediate compound. 


CHa.C^ 


OC„H, 




' Chap, viii., p. 127. 
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Beyond the theoretical interest that attaches to the study 
of the structure of the sodium salts of diethyl malonate and 
of cthylacetoacetatc, and further to the mechanism of the 
reaction employed for the preparation of the latter, these 
views' have received confirmation from the very numerous 
extensions of the reaction to the preparation of allied 
substances. 



CHAPTER X. 


UIOKIVATIVES OF THE HYDROCARBONS CONTAINING NITROGEN. 

Nitrogen an important constituent of products of animal and 
vegetable origin-vSyntheiical and technical importance of 
derivatives of the hydrocarbons containing Nitrogen. 
Compounds containing Nitrogen linked to Carbon alone:— 
Cyanogen, Hydrocyanic acid and its alkyl derivatives. 
Compounds containing Nitrogen linked to Oxygen: — Nitro-com- 
pounds and Nitrates; their structure and explosive properties. 
Compounds containing Nitrogen linked to Hydrogen: — The Amines 
and their derivatives— Amides — The basicity of organic com- 
, pounds— Derivatives of Hydrazine and of Hydrazoic acid. 

Compounds containing Nitrogen linked to Nitrogen ;• -Diazo- and 
Azo-compounds. The structure of Diazo-compounds. 
Empirical laws of Substitution in bensenoid compounds. 

Uric acid and allied compounds Hippuric acid. Uric 

acid. 

The Polypeptides. 

The importance of nitrogen as a constituent of compounds 
of animal origin was recognised by Lavoisier. Together 
with carbon, hydrogen, and oxygen, and occasionally 
phosphorus and sulphur, it is a characteristic constituent 
of the products of animal metabolism, the substances 
which result from the breaking up of proteins, by means 
of chemical or bacterial agencies. 

The proteins, of which ordinary egg-albumin is a 
familiar example, form the most important part of the 
cell-contents of both animals and plants. They are highly 
complex compounds, consisting of carbon, hydrogen, 
oxygen, and nitrogen, and in most cases of sulphur and 
phosphorus in addition; but, beyond certain details con- 
cerning their physical properties and behaviour towards 
leagents, comparatively little is as yet known of their 
chemical nature, though great advances have been made 
in this direction during the past few years. Their in- 
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vestigation]^is rendered exceptionally difficult by the fact' 
that, with a few exceptions, they cannot be obtained 
crystalline or be distilled without decomposition ; they are 
colloidal substances, and are further characterised by a 
great ^tendency to form unstable compounds with other 
substances which occur side by side with them in the 
tissues of plants and animals, and from which it is difficult 
to isolate them in a state of purity. As a consequence* no 
means are at present known for establishing satisfactory 
criteria of their chemical individuality. By the action of 
acids, alkalis, enzymes, and putrefactive bacteria the 
proteins are broken down into simpler molecules, which 
retain many of the empirical characteristics of the original 
substances. The study of these decomposition products has 
disproved the former view that albumin is a substance of 
definite composition and properties, and has shown that 
there are many forms of albumin which differ in their 
properties, complexity, and chemical character. Amongst 
the products that result by the action of the above reagents 
are a variety of complex amino-acids, and an important 
advanci&vhas recently been made towards a more accurate 
knowledge of the proteins by the synthetical preparation 
of several allied amino-compounds.^ Their more ultimate 
decomposition products, such as urea, uric acid, and 
hippuric acid, the excretory products of carnivora and 
herbivora, have been long known as stable, crystalline 
compounds; it has consequently been possible to isolate 
them in a state of purity, and, moreover, to ascertain their 
structure and to effect their synthesis. 

Turning to synthetical organic chemistry, the derivatives 
of the hydrocarbons containing nitrogen include substances 
of the greatest technical importance and theoretical interest. 
The preparation of nitrobenzene by Mitscherlich in 1834, 
followed by its reduction to aniline by Zinin in 1842, 
supplied the initial reactions on which the aniline colour 
industry is based ; in addition, many valuable drugs, such 
as phenacetine and antifebrine, and explosives, such as 
picric acid, are included amongst the nitrogen-containing 
derivatives of the aromatic hydrocarbons. ' Amongst 
aliphatic compounds, the alkyl derivatives of ammonia, 
discovered by Wiirtz in 1848, and systematised by the 
^ CKi this Chapter p. ,226. 
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Classical investigations of A. W. Hofmann (1850), have 
recently led to important developments in stereochemistry, 
whilst the subjects of dynamic isomerism, molecular re- 
arrangement, and empirical laws of substitution amongst 
benzenoid compounds, have received important, and in 
some cases their chief developments from the study of 
nitrogenous compounds. The diazo-compounds in par- 
ticuRir have formed the subject of the most prolonged and 
careful investigation, and the researches on their constitu- 
tion form one of the most interesting chapters of modern 
chemistry. 

The scope of the pr):sent chapter will be restricted to a 
general consideration of nitrogen compounds as typified 
by comparatively simple derivatives of the hydrocarbons ; 
in addition, certain compounds will be described, of which 
the stereochemical or other isomeric relations will be 
discussed subsequently. Some details in respect to recent 
investigations on uric acid and related substances of 
animal and vegetable origin, arid on the synthetically pre- 
pared protein-like substances called “ polypeptides,^* will 
conclude the study of this group of compounds. 

In order to systematise this review of the nitrogen- 
containing derivatives of the hydrocarbons, they may be 
conveniently grouped, according to the condition of linking 
of the contained nitrogen, on the following lines: — 

I. Compounds containing Nitrogen linked to Carbon 

alone — Cyanogen. Hydrocyanic acid and its 

alkyl derivatives. 

II. Compounds containing Nitrogen linked to Oxygeii — 
Nitro-compounds and Nitrates. 

HI. Compounds containing Nitrogen linked to Hydrogen 
— The amines ^and their derivatives. Amides. 
Derivatives of hydrazine and of hydrazoic acid. 

IV. Compounds containing Nitrogen linked to Nitrogen. 
— Diazo- and Azo-compounds. 

V. Uric acid and allied compoumls. The Polypeptides. 

1. Compounds containing Nitrogen linked to Carbon alone. 
Cyanogen. Hydrocyanic acid and its Alkyl derivatives . — 
Cyanogen and hydrocyanic acid, which constitute the 
simplest of these compounds, form, from a structural 
standpoint, the basis of the metallic cyanides and of the 
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complex cyanogen compounds, such as the ferro- and 
ferricyanides, and Prussian blue, which are generally 
included in the inorganic division of chemistry. The 
simpler cyanogen compounds, however, especially as the 
source of yvell-dcfuied alkyl derivatives, are more accurately 
classed as organic compounds. 

Cyanogen itself is fbrmed when an electric arc is 
completed between carbon electrodes in an atmosphere of 
nitrogen, whilst cyanogen and hydrogen combine to form 
hydrocyanic acid under the influence of the silent electrical 
discharge. This direct combination of the elements is 
analogous to that of carbon and hydrogen to form 
acetylene: — 

C., + Ha - CgHo. C., + N. - C.N. + H, - 2HCN. 

Acetylene. Cyanogen. Hydrocyanic acid. 

Structurally these compounds can also be compared, 
hydrocyanic acid being regarded as derived from acetylene 
by the replacement of the tervalent methine group CH, by 


au atom of nitrogen : — 



C— II 

C--=N 

N 

lil 

1 

III 

C— H. 


C— H. 

Acetylene. 

Cyanogen. 

Hydrocyanic acid. 


The univalent radical, CN, is evident in these two 
cyanogen compounds; its importance in the development 
of the radical theory has already been referred to.^ It 
possesses a remarkable power of uniting with itself to form 
polymeric compounds, a property that is also seen amongst 
the complex inorganic cyanides. The cyanogen radical has 
a marked acidifying influence, analogous to that of chlorine. 
Thus cyanoacetic acid, cyanobenzoic acid, and cyanophenol 
are much stronger acids than acetic acid, benzoic acid, 
and phenol respectively, and even cyanoform, CH(CN)3, 
is a moderately strong acid. Further, whilst diethyl 
malonate is scarcely sufliciently acidic to form alkali salts, 
the corresponding compound, in which a hydrogen atom 
is replaced by the cyanogen radical, can decompose 
carbonates. In combination with hydroxyl the cyanogen 


^ Chapter ii., pp. 16 and ig. 
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‘group forms cyanic acid, an acid of moderate strength; 
with hydrogen it forms hydrocyanic or prussic acid, but 
the latter is an extremely weak acid, a fact related to its 
structural formula, as will be pointed out subsequently. 

CH3.COOH. CcH,.C001I. 

Acetic acid. Benzoic acid. Phenol. 

CH2CN.COOH. QH^CN.COOH. QH4CN.OH. 

Cyanoacctic acid. Cyanobenzoic acid. Cyanophenol. 

cu^(cooc.,u^y, ch.cn(cooc2H,)o. 

Diethyl maloaate. Diethyl cyanomalonatc. 

CN.OH. HCN. 

Cyanic acid. Hydrocyanic acid. 

T/ie Alkyl Denvatives of Hydrocyanic Acid , — The re- 
placement of the hydrogen of hydrocyanic acid by an 
alkyl radical cannot be effected directly, but certain salts 
of the acid react readily with methyl iodide and its 
homologues. The resulting products are different, how- 
ever, according to the salts used in their preparation. On 
heating methyl iodide and potassium cyanide, for instance, 
the product of the reaction contains the alkyl group directly 
attached to the carbon of the cyanogen group. This is 
proved by the action of acids or alkalis which give rise to 
organic acids, compounds in which the alkyl group is, 
beyond a doubt, attached to the carbon of the carboxyl ; 
the nitrogen of the cyanogen group’ is converted to 
ammonia. The formation of the cyanide and its decom- 
position take place according to the equations ; — 

CHailVl^CN = CH3.CN + KI 

CH3.CN + KOH + H2O = CH3.COOK + NH3. 

Methyl cyanide or acetonitrile. Potassium acetate. 

The latter decomposition forms an important synthetical 
method for the preparation of acids. ^ 

If silver cyanide be used instead of potassium cyanide 
in the preparation, a product is obtained which differs 
from the above-mentioned methyl cyanide in all its pro- 
perties. Whereas methyl cyanide boils at 8i“, possesses 
a fairly pleasant smell and a toxic action similar to that of 
‘ Cf Chapter viii., pp. 132 and 138. 


13 
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hydrocyanic acid, the compound obtained from silver 
cyanide, which is called an isocyanide, boils at 58“, has a 
most obnoxious smell, and although also poisonous, differs 
widely from its isomer in its physiological properties. These 
physical and physiological differences arc associated with a 
marked difference in chemical behaviour, which proves that 
the alkyl is attached to the nitrogen of the cyanogen group, 
and not to the carbon. Amongst the many reactions which 
substantiate this conclusion, that with dilute mineral acids 
may be cited, which yield formic acid and methylamine 
thus : — 

CHjj.NC + 2H2O - CH3.NH2 + H.COOH 

Methyl isocyanide. Methylamine. Formic acid. 

Comparing the structure of these two alkyl derivatives 
of hydrocyanic acid: — 

CH 3 — Methyl cyanide. 

CH3 — C Methyl isocyanide. 

it is obvious that either potassium and silver cyanide must 
be structurally different, or that some molecular rearrange- 
ment must occur in the above reactions. This point, 
together with the relation of the alkyl compounds to 
hydrocyanic acid itself, will be discussed under dynamic 
isomeri.sm. (Chapter XIV.) 

II. Compounds cofitaining Nitrogen linked to Oxygeti, 
Nitro-compounds and Nitrates; their Structure and Explosive 
Properties, — The very marked difference in the behaviour of 
aliphatic and aromatic hydrocarbons towards nitric acid is 
a most valuable means for differentiating the two groups.^ 
Whereas the former are usually very stable towards this 
reagent, the latter are readily attacked with the formation 
of the important derivatives known as the nitro-compounds. 
Nitrobenzene, for instance, is thus derived from benzene, 
and practically all derivatives of the benzenoid hydrocarbons 
containing the most varied substituting groups can be 
similarly nitrated. 

yCOOH 

QH. QH^.NO^. QHj.COOH -> C.h/ 

^NO,. 

licnzene. Nitrobenzene. Benzoic acid. Nitrobcnzoic acid. 


i Cf, Chap. V., p. 65 . 
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The nitro-group, the radical which is introduced by the 
action of nitric acid, contains the nitrogen directly combined 
with oxygen, either as, 

/yO ,0 

or -NC I 

o 

In tfie formation of nitrobenzene it replaces a hydrogen 
atom in the benzene ring, its introduction being accom- 
panied by the separation of water, according to the 
equation : — v. 

CH CH 



Nitrobenzene. 

The ease with which this nitration occurs, added to the 
fact that the aromatic hydrocarbons are the most accessible 
compounds of the group, has rendered this reaction of 
great value in the synthetical preparation of benzenoid 
compounds. 

As an acid radical the nitro-group carries its electro-nega- 
tive or acid character into all its derivatives; picric acid, 
for instance, the trinitro-derivative of phenol, is one of the 
strongest organic acids, whereas phenol itself is so weak 
that its salts are decomposed by carbonic acid gas. 

CgHj.OH. Phenol. CgH2(N02)3.0H. Picric acid. 

Mono- and di-nitrophenols are intermediate in acidity 
between these two compounds. The formation of a nitro- 
compound by the direct action of nitric acid upon phenol 
stands in marked contrast to the reaction between the 
aliphatic alcohols and nitric acid. Ethyl alcohol yields an 
ethereal salt, ethyl nitrate, and the polyvalent alcohols, 
such as glycerol and cellulose, the so-called nitro- 
glycerine and “ nitro-cellulosc,” which are also nitric 
esters ; the latter have but one common property with 
picric acid — that of explosibility. These two classes of 
compounds, nitro-compounds and nitrates, differ in respect 
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to the manner in which the contained nitro-group is linked 
in the molecule. The reactions employed to establish 
this fact are again typical, as in the case of the alkyl 
derivatives of hydrocyanic acid, of the methods adopted 
to differentiate the structure of compounds. Taking ethyl 
nitrate and nitrophenol as illustrations, their formation 
takes place according to the equations: — 

QHp + HNO, - CoH, 0,N + HoO 

Ethyl alcohol. Ethyl nitrate. 

+ HNO3 = C0H5O3N + H2O 

Phenol. Nitrophenol. 

It is seen that in both cases the nitric acid replaces a 
hydrogen atom of the original compound by the group 
NO.2, but the manner in which this group is attached to 
the remainder of the molecule is not indicated. The 
reactions of ethyl nitrate show that it is a true ester, 
since it is saponified by alkalis ; the nitro-group is therefore 
linked to oxygen. Nitrophenol, on the other hand, forms 
salts with alkalis, but does not undergo decomposition. 
On reduction it yields aminophenol, proving that the 
hydroxyl of the phenol molecule remains intact in the 
nitro-derivative and that the nitro*group is linked to a 
carbon atom of the ring, whilst ethyl nitrate gives ethyl 
alcohol and ammonia. The separation of water must, 
therefore, take place differently in the two preparations ; 
in the formation of ethyl nitrate the hydroxyl group of the 
alcohol and the hydrogen of the nitric acid are separated, 
whilst in the case of nitrophenol it is a hydrogen atom of 
the ring that is eliminated. These changes are more fully 
expressed by the following equations: — 

C^^^sOU + - C2H5.ONO2 + HgO 

Elhyl nitrate. 

MO, 

CoHZ + HO NOj - CeH/ + HjO 
\OH \OH 

Nitrophenol. 

In the saponification of ethyl nitrate the primary reaction 
takes place according to the equation : — 

C2H5iON62'+ K-OH = C2H5OH + KONO2 
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The reaction is complicated by a simultaneous oxida- 
tion of the alcohol, which takes place at the expense 
of the potassium nitrate; the products which are actually 
isolated are, therefore, oxidation products of the alcohol. 
There is, however, no doubt that the first stage of the 
reaction takes place as represented above. The reduction 
of ethyl nitrate and of nitrophenol is represented by the 
following equations: — 

C2H5O.NO, + 6H - C2H5OH + NH3 + H2O 

/NO, N .NH, 

C^h/ + 6H - + 2II..O 

^OH \OH 

Ammophcnol. 

This difference in the point of attack by the nitric acid, 
which is obviously consistent with the general stability of 
aliphatic hydrocarbons towards this reagent, also indicates 
that, in order to obtain true nitro-compounds in the 
aliphatic group, indirect methods must preferably be em- 
ployed, although recent researches have shown that under 
suitable conditions many of the aliphatic hydrocarbons can 
be directly nitrated. The methods for the preparation of 
the aliphatic nitro-compounds were only realised long after 
the aromatic nitro-compounds were known, nitromethane 
and its homologues being first independently prepared by 
Victor Meyer and H. Kolbe in 1872; structurally, they are 
exactly analogous to the aromatic nitro-compounds, the 
nitro-group being directly attached to the alkyl radical : — 

C2H5-NO2. C«H5-N02. 

Nitroethane. Nitrobenzene. 

“Nitroglycerine” and “Nitrocellulose” were originally 
believed to be true nitro-compounds; they are, however, 
saponified by alkalis, but the resulting glycerol and 
cellulose are simultaneously oxidised as in the case of 
ethyl nitrate. Their general behaviour shows that they arc 
esters of nitric acid, not nitro-compounds ; their ordinary 
names arc consequently misnomers, nitro-glycerine being 
really glycerol trinitrate, and nitrocellulose a mixture of 
different nitrates of cellulose. 

The explosive nature of these esters and of picric acid is 
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to be attributed in part to a state of internal strain in the 
molecule, and in part to the presence, side by side, of 
oxygen and of elements (carbon and hydrogen) which can 
combine with oxygen with evolution of great heat. The 
state of strain of the nitro-group is evidenced by the 
relatively small heat of formation of highly nitrated com- 
pounds as compared with that of the non-nitrated 
substances. This is shown in the following instances : — 

Heat qf/ormatioH Htat o/formatton 

^ergram, ^ergraM, 

in calarus. in calorics. 

Ethyl alcohol . . 1520 Mononitrobenzene (solid) 64 

Ethyl nitrate . 333 w-Dinilrobenzene . . 40 

^///-Trirtitrobenzene . 26 

Glycerol . . 1758 Phenol .... 391 

Nitroglycerine 406 Trinitrophenol . . 204 

In some cases — as, for instance, that of nitrogen iodide 
or silver acetylide — the internal strain is in itself sufficient 
to render the compound highly explosive, but in the nitro- 
compounds the main determining factor is the presence in 
the molecule of elements which are capable of forming 
new and more stable molecules.^ The conditions favour- 
able to explosion may be either extraneous to the explosive 
molecule or self-contained. Ordinary black gunpowder, 
for example, contains the nitro-group in the form of 
potassium nitrate, which is admixed with carbon and 
sulphur; when iired, carbon dioxide, potassium sulphide, 
and free nitrogen are formed as the essential products of 
the decomposition, although, owing to incomplete mixture, 
other reactions occur locally ; — 

2KNO3 + S + 3 C = 3CO2 + KgS + Na 

This change is accompanied by a large evolution of gas 
and also of heat ; hence, a sudden increase of pressure, the 
characteristic of an explosive, is the result. The ex- 
'traneous conditions necessary for explosion, as realised in 
the case of gunpowder by mechanical admixture, are 
supplied in the explosive nitrates and picric acid in the far 

^ The atomic groupings which bring about an intra- molecular strain are 
discussed in van"t IlofT^s Lectures on Theoretical and Practical Chemistry^ 
translated by Lehfeldt (1903), Part iii. p. 103. 
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‘more intimate condition of chemical combination. Dyna- 
mite, for instance, which consists of glycerol nitrate held 
in suspension in very porous sand, so as to give safety in 
handling, can decompose, when fired, according to the 
equation : — 

CHo.ONOo 

• I ' 

2CH.ONO, - 6 CO.. + 5H.,0 + 3N.. + O. 

I 

CHg.ONO^ 

Glycerol trinitrate (Nitroglycerine). 

In practice it Is found that the ratio of the products of 
explosion varies 'somewhat according to the pressure of 
the gases. The oxygen present in nitroglycerine is just in 
excess of that required to combine with the total carbon 
and hydrogen present; the formation of both water and 
cArbon dioxide is attended with a large evolution of heat, 
and the products of combustion are entirely gaseous. 
Conditions similarly favourable to explosibility are present 
in gun-cotton, a mixture of cellulose nitrates, and in blast- 
ing gelatine, which is a colloidal mixture of gun-cotton with 
nitroglycerine. The oxygen contained in picric acid is 
considerably less than is necessary for the complete com- 
bustion of the carbon and hydrogen present, and the 
carbon is therefore converted principally to carbon 
monoxide ; picric acid has nevertheless powerful explosive 
properties when fired under suitable conditions, and has 
found extensive use in the form of lyddite, melinite, and 
the Japanese explosive, shimose. 

The presence of the nitro-group, which is thus an 
important factor in conferring explosive properties on the 
above compounds, contributes also, by virtue of its electro- 
negative character, to the instability of the compounds 
inlo which it is introduced. Thus, the chlorine is much 
more readily displaced from chlornitrobenzcne than from 
chlorbenzene. A practical method is thus provided for 
isolating certain parent substances from their derivatives. 
For instance, whereas phenyl azoimidc (page 204 ) is quite 
stable towards alkalis, its nitro-derivatives can be decom- 
posed by this reagent with the formation of the free 
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azoimidc or hydrazoic acid,^ N3H, a compound which was 
first prepared by Curtins (1890) from its organic derivatives. 

III. Compounds containing Nitrogen linked to Hydrogen, 
The Amines and their Derivatives, Amides, The Basicity 
of Organic Compounds. Derivatives of Hydrazine and of 
Hydrazoic Acid, — By the replacement of one or more 
hydrogen atoms in ammonia by an organic radical a 
series of compounds called amines is derived, which share 
the basic character of ammonia to a greater or less extent, 
according to the nature of the organic radical they 
contain. The aliphatic amines, such as methylamine 
and its homologues, are somewhat stronger bases than 
ammonia, whilst aniline, the typical representative of 
the aromatic amines, is a much weaker base, owing to 
the acidifying influence of the phenyl group, an influence 
already noticed in connection with the stability of the 
salts of phenol.^ Diphenylamine, which contains two 
phenyl groups, is a very much weaker base than aniline 
for the same reason, whilst triphenylamine has no basic 
properties. 

NH3 CH3NH3 CflHjNHa (C*H3)3NH (C„H,)3N 

Ammonia. Methylamine. Aniline. Diphenylamine. Triphenylamine. 

The amines containing only one organic radical are 
termed primary amines. In these the nitrogen is united 
to two hydrogen atoms, the third aflinity pf the tervalent 
element being directly attached to carbon. This is fully 
proved by the methods of formation and by the decom- 
positions of the amines. The group, NHg, which is thus 
attached to the organic radicals is known as the amino- or 
amido-group. The basic influence of this group is shown 
in the power possessed by these amines of forming salts 
with acids. Just as ammonia forms ammonium chloride 
by direct combination with hydrochloric acid, so methyl- 
amine and aniline combine directly with this acid to form 
well-defined salts: — 

NH4CI C 1 1,. N IL,C1 CJ Nn,ci 

Ammonium chloride. Melliyiammonium rhcnylammonium 

chloride. chloride. 

^ Grandmougin and NocUing, Ucrichle^ 1892, xxv. 3342. 

Cf, Chap, viii., p. 154. 



COMPOUNDS CONTAINING NITROGEN. 


201 


The latter are more generally written as follows, but 
^ the analogy with, and structural relation to, ammonium 
chloride are best shown by the above formulae. 

C Hg. NH^. HCl. QH,. NH.. HCl. 

Methylamine hydrochloride. Airiline hydrocliloride. 

Aiialogous amido-derivatives, called amides^ are ob- 
tained from acids. In these the electronegative or 
acidifying influence of oxygen, which is to be observed 
amongst all organic and inorganic compounds — for 
instance, from a cckiiparison of the strong acid, nitric 
acid with the strong base ammonia, — is evident. Acet- 
amide, the amide of acetic acid, has only very weak basic 
properties, its salts, such as acetamide hydrochloride, 
being decomposed by water. It contains the basic 
amino-group attached to the acid radical acetyl, and the 
influence of the latter is further shown in the fact that the 
amide can also function as an acid and have one of the 
hydrogen atoms in the amino-group replaced by a 
metal. 

CHgCO.NH.^ CHgCO.NH^.HCl CIIg.CO.NTINa. 

Acetamide. Acetamide hydrochloride. Sodium acetamide. 


The corresponding derivatives of an aromatic amide 
such as benzamide, QH^CO.NHg, have even a less marked 
basic character, but their acid properties are stronger ; 
this is quite in accord with the electro-negative influence 
of the phenyl group. 

The influence of other substituting groups containing 
oxygen is exactly similar. Thus, whilst compounds con- 
'taining two amino-groups are, as would be expected, 
stronger bases than those containing one, the c'qnino- 
alcohols are weaker bases than the amines. The amino- 
acids and the amino-phenols behave as both acids and 
bases, and both these characters arc mutually weakened 
by the second substituting group present. 


ciUNii., (:ii.,.on rir...Nih. on 

I ' " I ' I " “ 

CHa-NIIj C1I^.NH^ COOH. 

Ethylene diamine. Amino-cthyl Amino-acctic Aminu-phcnol. 
alcohol. acid. 
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Similarly, acetanilide (antifebrine), in which the acetyl 
group is in combination with the radical of aniline, acts, 
like acetamide, both as a very weak acid and a very weak 
base, whilst urea, which contains two amino-groups, 
behaVes in respect to its basic properties — its power 
of forming salts — as if only one were present, owing to the 
acidifying influence of the contained carbonyl. 


/NHo 

C,.H,.NH.COCH, C 0 < 

Acetanilide. Urea. 


/NH, 

^NHg.HNO., 
Urea nitrate. 


These general influences of the nature of the constituent 
groups of a molecule on its properties are of the utmost 
importance, both in drawing conclusions as to the structure 
of compounds and in practical laboratory work. The 
present knowledge of the subject is mainly qualitative, 
though it is probable that a more precise knowledge of 
the quantitative influence of substituents will gradually be 
acquired with the exact methods which are now available 
for the measurement of the strengths of acids and bases, 
and of the hydrolysis of their salts. The subject becomes 
especially complicated when a polyvalent element brings 
new valencies into play, as in the derivatives of nitrogen, 
phosphorus, arsenic, sulphur, iodine and oxygen, all of 
which can give rise to basic compounds under certain 
conditions of valency. 

Some light is thrown on this problem by a consideration 
of the derivatives obtained by the successive replacement 
of hydrogen atoms in ammonium hydroxide by methyl 
groups. The following compounds are thus obtained : — 


NH4.OII 

Ammonium 

liyclroxitlc. 


CH3NH3.OH 


Mclhyl.'inimonium 

hydroxide. 


(ch3),nh,.oh 

Dimethylnminoniinn 

hydroxide. 


(ClUiNlI.OIl (CH3 )iN.OH 

Trinielhylammonimn TelraniethyKinimoniuin 

hydroxide. hydroxide. 


On comparing the relative strengths of these bases. It is 
found that the first four do not differ very markedly in this 
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respect; the addition of each methyl group adds some- 
what to the basic character, but trimethylammonium 
hydroxide is still far less basic than the alkali hydroxides. 
Tetramethylammonium hydroxide, on the other hand, is 
incomparably stronger than any of the others. This 

marked difference is attributed to the fact that each of 
the other four is capable of splitting off water and forming 
a derivative of ammonia, whilst the tetramethyl compound 
cannot do so. Since the amines are basic only in the 
form of their hydroxy-compounds, the basic strength is 
naturally greatly dii^iinished if the hydroxide can split off 
water and form the inert amine, : — 

(CH3)2NH2.0H = (CH3)2NH + H 2 O 

Diinethylammonium hydroxide. Dimethylaminc. 

Similar considerations apply to the analogous basic deriva- 
tives of phosphorus and sulphur, the phosphonium and 
siilphonium compounds: — 

P(CH3),.0H S{CH3)3.0H 

Tetramethyl phosphonium hydroxide. Trimelhyl sulphonium hydroxide. 

Under certain circumstances oxygen can become quad- 
rivalent and then assumes basic properties. By analogy 
with the ammonium compounds, the substances in which 
oxygen exerts this power are cB\\^d oxomum compounds. 

In concluding this reference to the organic derivatives 
of ammonia and allied compounds, it is interesting to 
note the services rendered by organic chemistry in the 
preparation of the other hydrides of nitrogen. Hydrazine 
or Diamide ^ N2H4, was first obtained from an organic 
compound, triazo-acetic acid, by Curtins in 1889. A 
remarkably simple synthesis of this substance, also from 
an organic compound, has been more recently discovered 
by Schestakow (1905). When acid amides are acted upon 
by a hypobromitc, or hypochlorite, the group, CONH.j, is 
replaced by the amino-group; acetamide, for instance, 
gives methylamine, and this is the most convenient 
method for its preparation. By applying this reaction to 
urea, hydrazine is obtained, the CO group of the amide 
radical being similarly eliminated: — 
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CHjjCONH, — > CHgNH2 

Acetamide. Mcthylaminc. 


NHy.CO.NH. 

Urea. 


NH.3.NH2 

Hydrazine. 


Organic derivatives of hydrazine had been known lj)ng 
before. Phenyl hydrazine, discovered in 1875 
Fischer, has been of immense service in the study of the 
sugar group, and also in the synthesis of several valuable 
compounds, typically in that of antipyrine. 

Asoimide or Jlydraeoic acid^ N3H, was first prepared by 
Curtius in 1890, by the action of hydrazine upon ethyl 
hippurate. The phenyl derivative of this hydride of 
nitrogen has already been referred to, and methyl azoimide 
has been recently prepared for the first time by Dimroth 
and Wislicenus (1905): — 



Azoimide or Hydrazoic 
acid. 


N 

II 

N 

Methyl azoimide. 






/ 



Phenyl azoimide. 


Two other hydrides of nitrogen, Buzylene or Diazo- 
hydrazine, and Di-imide, are as yet only 

known in their organic derivatives ; further services of the 
organic chemist are the most likely means of inorganic 
chemistry being enriched by the discovery of the simpler 
mother substances. 

Compounds containing Nitrogen linked to Nitrogen, 
Dias(h and Aso-compounds. — The organic derivatives of 
the nitrogen hydrides, azoimide and hydrazine, are also 
types of compounds containing nitrogen linked to 
nitrogen. The unknown di-imide, N^Hg, similarly repre- 
sents this condition of combination ; it is to be regarded 
as the tn6ther substance of the most important members 
of this class, the diazo- and azo-compounds. In the 
former, one of the nitrogen atoms is linked to an aryl 

’ Curtius, JicrichUi 1893, xxvi. 1263; Wohl and Schiff, Berichte, 1900, 
xxxiii. 2741. 

® Vaubel, Berkhtc^ 1900, xxx. 171 1. 
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radical, the second to that of an inorganic acid; in the 
latter, both are linked to aryl radicals. 

H— N-- N II. -N -N— Cl C,jl f .--N -N - C.l l^ 

Di-imicle. Diazobenzcnc chloride. A/.obenzene. 

Tl^he chief importance of these diazo- and azo-compounds 
is centred in the aniline colour industry. More than fifty 
per cent, of the aniline colours manufactured to-day fall 
into this group. They include almost every colour and 
shade from yellow, 3;ed, and brown to blue, violet, green, 
and black, and on account of their variety and stability 
these “azo-colours” are amongst the most valuable pro- 
ducts of the colour manufacturer* The advances made in 
their preparation since their discovery in 1863 have been 
phenomenal, and there appears no limit to the adaptability 
and extension of the methods employed for their manu- 
facture. There are but few important colours that arc 
not derived from diazo- or azo-compounds, so that the 
development of this group constitutes to a very large 
extent the development of the coal-tar colour industry. 
Any attempt to record the brilliant successes that have 
been achieved in this branch of technical organic chemistry 
would lead far beyond the confines of this book ; it will be 
only possible to indicate the nature of the reactions and 
compounds concerned, that have proved of value in the 
growth of the industry.' 

The initial discovery on which the azo-colour industry 
is based was made by Peter Griess in 1860.^ By the 
action of nitrous acid upon ice-cold aniline hydrochloride 

' Details of the Aniline colour industry and of its historical development 
will he found in the following books and papers: — 

J. C. Cain and J. F. Thorpe, 7 'hc Synthetic Dyestuffs ami Intermediate 
Products^ 1895. 

R. Meldola, Coal and what we get from it, 1891. 

K. Heumann, .iP/« Anilinfarben und ihre Fahrikation, 1 888- 190a 

R, Nietzki, Chemie der organiseken Farbsioffe, fifth edition, 1906. 

Sir VV. H. Perkin, “Hofmann Memorial Lecture,”/- Soc., 1S96, 
Ixix. 596. 

II. Caro, “ Uelier die Entwickclung dcr Theerfarl)cn Industrie,” 
Berichte, 18192, xxv. 955. 

^ “Ueber einc neue KLisse organischer Verbindungen in denen 
WasserstoiT durch Stickstoff vertreten 1st,” Annalen, i860, cxiii. 201. 
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he prepared diazobenzenc chloride, from which the first 
azo-dye, aniline yellow, was subsequently obtained by the 
further action of aniline (1863). This reaction with 
nitrous acid may be provisionally represented by the 
equation : — 

CCH5.NH..HCI + NO.OH => QHs.NiN.CI + zH.O. 

Aniline hydrochloride. Diazobenzene chloride. * 

It is a reaction that is restricted to primary aromatic 
amines, such as aniline and its homologues. Aliphatic 
amines undergo a more complete decomposition when 
acted upon by nitrous acid, forming the corresponding 
alcohols with liberation of nitrogen, thus ; — 

C2H5.NH2 + NO.OH = C2H5.OH + Ny + HgO. 

Ethylaminc. Ethyl alcohol. 

This further decomposition also takes place when an 
aqueous solution of the diazobenzene chloride is heated, 
and hence a low temperature is necessary for the pre- 
paration of the diazo-compounds ; ice-cold solutions are 
always employed. The decomposition of a diazobenzene 
chloride solution, on heating, takes place according to ^e 
equation : — 

CoHfi.N.-N.Cl + H.OH = CoH^.OH + Ng + HCl. 

The salts of diazobenzene arc characteristically unstable, 
and when dry most of them are very highly explosive, a 
property to be attributed to the strained condition of 
combination between the two nitrogen atoms of the mole- 
cule. Associated with this instability are the numerous 
synthetical reactions, by means of these salts, which have 
been of paramount importance in the preparation and 
study of aromatic compounds. The “ diazo-reactions ” 
consist in the replacement of the diazo-grouping by a 
univalent element or radical, and there is hardly an 
important substituent that cannot be thus introduced into 
the benzene ring. Simple and direct laboratory methods 
are available for converting the diazobenzene salts into 
benzene, phenol, halogen derivatives, benzonitrile, thio- 
phenol, and benzene sulphonic acid; in all these changes 
the nitrogen of the diazo-group is liberated, as shown in 
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the above equation representing the formation of phenol 
from diazobenzene chloride. 


: N.Cl. [Diinjobenscnv chloride^ gives: — 


Cfill,, 

Iknzcnc. 

loclobenzene. 


CoHo-OII. 

Phenol. 

CoHs.CN. 

Benzonitrile. 


Chlorbenzene. 


Brombenzene. 


C^Hs.SH. QHs.SO.OH. 
Thiophenol. Benzene sulphonic acid. 


The formation of phenol takes place on simply warming. 
For the preparation ^f benzene, a reducing agent such as 
alcohol or sodium stannite is required. Most of the other 
reactions are effected by the catalytic action of cuprous 
salts or of finely divided copper powder, the nitrogen 
being in all cases liberated in the form of gas. 

All homologues and substitution products of diazo- 
benzene salts show a similar reactivity and diazo-reactions 
are consequently employed in the most varied directions, 
both for preparing aromatic compounds and for deciding 
their orientation. For instance, meta-nitrotoluene cannot 
be prepared directly from the hydrocarbon, the para- 
compound being the chief product obtained by direct 
nitration. This can, however, be made use of for the 
preparation of meta-nitrotoluene by first reducing it to 
para-toluidine, nitrating the latter, then diazotising the 
contained amino-group, and finally replacing the diazo- 
group by hydrogen. The following formulae represent 
these changes: — 


CH., 


NO. 



CH, 

CH, 

— > 

\/ 



NHj 


ke. 1:4 

Toluidine. 

Nilro- I : 4 toluidine. 

CH, 


CH3 

/\ 


0«o. 


N : NCI 

Nitio- 1 : 4 (liazotolucne chloride. 


: 3 Nitrololuene. 
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In order to carry out this preparation in practice, it is 
necessary to protect the amino-group before nitrating, by 
introducing an acetyl group. That the resulting nitro- 
toluene is a meta-compound can be proved by converting 
it into meta-phthalic acid, a compound of proved orien- 
tation. This conversion involves the reduction of the 
nitro-group, the diazotizing of the resulting amine, then 
the replacement of the diazo-group by cyanogen; the 
saponiheation of the resulting nitrile, and finally the 
oxidation of the side-chain to carboxyl, thus: — 


CH3 

CH3 

CHo 

A 


/\ 



L Jn:N.C1. 

\X 

Nitrotoluenc. 

Toluidlnc. 

Diazo-toluenc chloride. 

CH3 

CH3 

COOH 

/\ 

I^'CN 

/\, 

lsJcOOH“ 


Toluene nitrile. 

Toluic acid. 

1 : 3 Phlhalic acid. 


Series of changes of this type have been widely employed 
in the study of aromatic compounds; in very many cases, 
diazo-reactions supply the important link from the known 
to the unknown, or vice versA. 

A further scries of diazo-reactions, in which the nitrogen 
of the diazo-group remains intact, leads to the preparation 
of the technically important azo-dyes. 

Azo-benzene itself is a bright red compound, but it 
does not permanently colour animal or vegetable fibre, 
hence it is not a dye. By the introduction of certain'^ 
salt-forming groups into the molecule dyes result; the 
amino- and hydroxy-groups are the most important of 
these substituents or auxochromic groups, and the two 
chief classes of azo-dyes are typified by aminoazobenzene 
and hydroxyazobenzene respectively: — 

N = N.C^H,. Q,H,,N - N.C,H,. NH, 

Azobenzene. Aminoazobenzene. 

CfiHs.N^N.CeH^.OH. 

Hydroxyazobenzene. 
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Most dyes contain one or more of such salt-forming 
groups, associated with a colour-forming group or chromo- 
phore ^ — in this case the azo-radical — N - N — . Compounds 
containing such a chromophore, but no auxochromic 
groups have been termed chrmnogens ; like azo-benzene 
they may be coloured, but they are not dyes. Similar 
relictions exist amongst other organic dyes. 

Chromophore — N — N — Azo-radicaL 

Chromogen C<jH. — N == N — Azohenzene. 

Dye CbH 5 -N = N-QH,.NH, A minoazobettzene^ 

Certain coloured substances which contain no salt- 
forming groups, such as indigo, are used as dyes. These 
are, however, not applied direct to the fibre, but are 
converted into soluble reduction products which are brought 
on to the fibre and then oxidised, and thus deposit the 
insoluble dye on the cloth. 

.The formation of azo-dyes from the salts of diazobenzene 
and its homologues or derivatives takes place by means of 
certain addition or coupling reactions. Phenols and mixed 
tertiary amines (amines containing both alkyl and aryl 
radicals), react directly, according to the following 
equations : — 

C^H^.N - N Cl + HiCoH^.OH - C,,H,.N -N.C,.H,.OH + HCl. 

Phenol. Hydr.oxyaz.obenrcne. 

CoH,.N = N:C1 + HC(,H4.N(CHJ, - 

Dimethylaniline. 

C^I^N - N.C,H^.N(CH3),.HCI. 

DimcthylamincasobcnKcne hydrochloride. 

In both cases the chlorine of the diazo-chloride combines 
with a hydrogen atom of the benzene ring to form hydro- 
chloric acid, whilst the phenol or amine residue becomes 
linked to the azo-chromophore. 

An indirect coupling reaction leads to the formation of 
azo-colours on somewhat different lines. Aniline and 
other primary aromatic amines couple with diazobenzene 
chloride, for instance, to form diazo-amino compounds, in 
which the hydrogen of the amino-group, instead of that of 
the benzene ring, reacts with the chlorine of the diazo«. 

14 
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chloride. The resulting^ compounds are almost colourless 
when pure, and have no tinctorial power; but when warmed 

in presence of a trace of an amine salt, they undergo a 

peculiar molecular chang’c with the formation of aminoazo- 
compounds. These changes may be represented by the 
equations: — 

H 

r,.N = N.Cl + = QH,,N = N. NH.QH5 + HCl. 

Diazoaminobenzene. 

CVI,.N = N.NH.C,H, — > Q,H,.N = N.C,H4.Nn. 

Aminoazobenzene (Aniline yellow). 

The part played by the amine salt is not indicated in the 
equation representing the molecular change from diazo- 
aminobenzenc to aminoazobenzene; it appears to act 
catalytically as an accelerator of the reaction, the change 
itself having been proved to be uni-niolecular.^ 

The technical value of organic dyes is, in most cases, 
influenced by their solubility in water, as this property 
greatly facilitates their practical application. Very many 
azo-colours are sparingly soluble in water, and in order to 
render them soluble, advantage is taken of the fact that 
all benzenoid hydrocarbons and their derivatives are 
readily converted into sulphonic acids by the direct action 
of concentrated sulphuric acid; the salts of these sulphonic 
acids are soluble in water. This method for converting an 
insoluble aromatic compound into a soluble derivative has 
received numerous important applications in the aniline 
colour industry;^ it may be typified by the formation of 
benzene sulphonic acid from benzene, according to the 
equation : — 


C«H,iH • + 


HO. 

>SO.^ = CjHj.SOijOH + 11,0 

IKK 

Uenzcnc monosulphgnic acid. 


^ 11 . Goldschmidt and U. Keiiidcrs, BericA/e, 1S96, xxix. 1369 and 1899. 
C/, Caro, **Dbcr die Kntwickelung der Theerfarbeil Industrie/' 
BctichU^ 1892, XXV. 1,005. 
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The technically important colours are more complex 
than the above compounds, which have been selected to 

illustrate the general methods of preparation. They are 
derived not only from benzene, but also from other cyclic 
hydrocarbons, such as naphthalene and diphenyl, and are 
built up with a full knowledge of the relation of colour to the 
number and position of the auxochromic groups introduced. 

llbe azo-colours form but one branch of the aniline 
industry. Other derivatives of cyclic compounds lead to 
the rosanilines, eosines, saifranines, indulines, etc., artifical 
alizarin and indiga; a number of colours are known 
amongst aliphatic compounds, but none of them are of 
technical importance, except those in which the aliphatic 
radicals are combined with cyclic groups. 

The Structure of Diaso-compounds » — The provisional 
structure for diazobenzene chloride, employed in all the 
reactions given above, was suggested by KekultS (1866), in 
place of a previous formula assigned by Griess, the in- 
correctness of which was satisfactorily proved. Kekul^*s 
formula leads to a clear expression of all the typical 
diazo-reactions ; it affords a simple representation of the 
formation of diazo-salts from primary amines and is 
supported by their ready reduction to hydrazines: — 


CoH5 .N = N,C1 + 2H2-CcH5.NH.NHjj.HCl- 
Diazobenzene chloride. Phenylbydrazinc hydrochloride. 

In addition to the compounds in which the diazo-grouping 
is attached to an acid radical, a number of metallic diazo- 
compounds are known, such as potassium and silver 
diazobenzene. The former is prepared by the action of 
potassium hydroxide on diazobenzene chloride, and the 
silver salt is obtained as an amorphous, explosive sub- 
stance, by adding silver oxide to a solution of a diazo-salt. 
Like the diazo-chloride, these were regarded as derived 
from diazobenzene hydroxide, the mother-substance of the 
group, and until 1894 the Kekul<^ formula was generally 
accepted, both for the hydroxide and for all its derivatives: — 


CcH5.N-N.OH, 

Diazobenzene hydroxide. 

CeH5.N-N.OK 

Diazobenzene potassium. 


CcH5.N-N.Cl. 
Diazobenzene chloride. 

C,Hs.N = N.OAg 

Diazobenzene silver. 
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For a number of years past there has been very con- 
siderable controversy concerning the structure of diazo- 
compounds, the scope of which has been much extended 
and complicated by the discovery of many new diazo- 
derivatives and of new reactions bearing on their 
preparation and decompositions. Opinion is still divided 
on several points connected with the problem, but the 
investigations of Hantzsch and of Bamberger^ have proved 
that one and the same structure cannot be accepted for all 
diazo-compounds, and that the Kekul6 formula is not con- 
sistent with the general character of the diazobenzene 
salts of strong mineral acids, such as hydrochloric, nitric, 
and sulphuric. These latter salts resemble ammonium 
and organic ammonium salts^ in their physical properties ; 
they are electrolytically dissociated in solution, and are 
neutral, like the salts of a strong base. Hence, it is con- 
cluded that they contain a quinquevalent nitrogen atom, 
instead of the second tervalent nitrogen atom in the 
KekuM formula, and that the mother-substance is a strong 
base, similarly constituted to ammonium hydroxide. By 
analogy, the terms diassonium salts and diasonium hydroxide 
are now used in place of diazobenzenc chloride, etc 
These relations are shown in the following formulai : — 


QH5.N = N.C1. 

Diazobenzenc chloride 

(Kekul^-). 


C,Hj.Nr 

^ci 

Phenyldiazonium chloride 
(Hantzsch). 


^OH 

Ammonium 

hydroxide. 


CH,.N 


\0H 


Tclramethylamtnonium 

hydroxide. 


X»H. 

Phenyldiazonium 

hydroxide. 


The metallic derivatives of diazobenzene, now called 
diaeotateSy are regarded as having the structural formula 

* C/, The Chemistry of the Duizo-Compounds,” J. C. Cain, 1908. 
Also, G. T. Morgan, ** Our Present Knowledge of Aromatic Diazo- 
compounds,” British dissociation Reports 1902, p. 181; and Hantzsch, 
‘*Die Diazoverbindungen/’ Sammlung chem, und chem.-techniseker 
VortrUge^ 1902. 

’ Cf» this chapter, p. 2024 
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assigned by Kekul6, and in order to account for the exist- 
ence of certain isomers that have been obtained as a 
result of the extended study of this group, TIantzsch has 
sought the aid of stereochemical isomerism J Tint phciiyl- 
diazoniuin hydroxide, a strong base, should react with 
alkalis to form salts, thus acting as an acid, is contrary 
to the behaviour of strong bases in general, and it is 
provable that an intramolecular change occurs, and that 
this latter function is only exerted in the form of the 
isomeric diazo-hydroxidc : — 

QHf,.N = N.bK QH5.N = N.0H 

Potassium benzene diaze^tate. Benzene diazohydroxide. 

J. Cain^ has recently suggested entirely different 
formulae for the diazo-compounds, which appear to be 
supported by many of their properties and reactions ; 
the structural formula proposed for diazobenzenc is as 
follows: — 

/\--/ „ 

I N 

Diazobenzene chloride. 


Despite many attempts, no true diazo-compounds have 
been prepared in the aliphatic group, but aliphatic azo- 
compounds are known. These were first studied by 
Curtius, who obtained many derivatives of azo-methylene, 
and they ivere the compounds that led to the successive 
isolation of hydrazine and azoimide (1889). More recently 
azo-methylene itself has been prepared by von Pechmann 
(1894); it is a poisonous, yellow gas. 


N = N 

\/ 

CH., 


Azo-methylene. 


N = N 


\/ 


CH 


N = N 


\/ 


CH 


I I 

COOC3H,. CO.NHj. 

Azomcihylene Azomethylcne 
carboxylic ester. carboxylic amide. 


^ Cf, Chap, xii., p. 322. 


®y. Chem* Soc,^ 1907, xci. 1049. 
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Empirical Lavisi of Substitution in Benaenoid Compounds. 
— Reference has already been made to the fact that the 
properties and chemical behaviour of compounds are in- 
fluenced by the position of the substituting- groups or 
elements in the molecule;^ this subject has been very fully 
studied in the case of the di-substitution products of 
benzene. In general, ortho- and para-compounds show 
many points of similarity, and behave differently front the 
corresponding meta-compounds. For instance, ortho- and 
para-quinones arc known, ^ but analogous meta-quinones 
appear to be incapable of existence. Further, the prepara- 
tion of azoimide from the nitro-derivative of phenyl- 
azoimide, referred to above, by the action of caustic alkalis 
can only be effected when the nitro-group is in the ortho- 
or para-position to the azoimide radical; the meta-com- 
pound is not attacked. Similarly, the chlorine in ortho- 
and para-nitrochlorbenzene is replaced by the hydroxyl- or 
amino-group when treated with potassium hydroxide or 
with ammonia respectively, but the meta-compound is 
again stable towards these reagents; — 


/NO, 

/NO, 

Nitrophenol 
[1 : 2 or 1 : 4]. 


\OH 

Nitroch 1 orl)cnzene 

/NO, 

c,h/ 

^NH,. 

Nitraniline 

[i : 2 or I : 4]. 

[i ; 2 or X : 4]. 


These changes are also of interest because they illustrate 
the influence of the nitro-group on the stability of the 
chlorine in the molecule, since this element is not normally 
substituted by the above reagents in aromatic compounds.^ 
The similarity in the behaviour of ortho- and para- 
compounds is more fully emphasised in what are known as 
the Empirical laws of Substitution in benzenoid compounds. 
The study of the formation of di-substitution products has 
led to the recognition of certain regularities which are not 
only of practical value in the preparation of compounds, 
but which contribute also important theoretical considera- 
tions in respect to the structure of benzene. 

' Chap. viii. p. 155. ** Cf. Chap. xv. p. 418. 

* Cf ante. p. 199. 
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Noeltingf^ and Armstrongf^ were, independently, the first 

to draw attention to these regfularities, which were subse- 
quently expressed in a more definite form by Crum J^rown.-' 
When a mono-substitution product of benzene, C,jll.-X, is 
converted into a di-substitulion product, C,dl.,XY, the 
resulting- compound is either a mixture of ortho and para 
[1:2 and I *.4] in varying- proportions according to the 
conditions of the experiment, or else almost exclusively 
meta [i 13]. The position of the new substituent depends 
almost entirely upon the nature of X; it is practically 
independent of the nature of Y. The substituents X thus 
fall into two groups, of which the following are the most 
important members, in respect to their directing influence 
on the position taken by Y: — 

I. Oriho-para or ienling groups : — 

— NHg. — —Cl. — Br. —OH. — CH.-COOH 

1 1 . Meia-orienting groups : — 

-NOa,— CHO.-COOH.-SO,OH.— CN. - COCH.5. 


Thus, when brombenzene is nitrated, a mixture of oiiho- 
and para-nitrobrombenzene results, whilst nitrobenzene 
yields the meta-compound when brominated! — 

/NO, 

CgHj.Br — [i 2 ami i : 4 1 

\Rr. 

ISromljenzonc. Nilrol)romI)cn7cne. 

/NO„ 

C„H„.N02 QH/ lr:3.] 

^Br. 

N it robenzene. Ni t robrom benzene. 

The preparation of the three toluidines and of the three 
nitrobenzoic acids afford good instances of the practical 
application of these empirical laws. Ortho- and para- 
toluidine (amino-toluene) are readily accessible from the 
hydrocarbon (toluene), since the latter yields the ortho- 
and para-nitrotoluenes upon nitration, from which the 

^ Berichie^ 1884, xvii, 261. ^ 1892, Ixi. 368. 

^ /. Chem, Soc.y 1887, li. 258. 
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corresponding amino-compounds are obtained by re- 
duction : - - 




,CII, 


\NO, 

Nilrotoluene 
[i : 2 and i ; 


Cl I.. 

\nh,. 

Toluidine 
[ I ; 2 and i : 4]. 


An indirect method is required for the preparation of 
the meta-compound, and in making a selection of the 
possible reactions that might be employed it is necessary 
to look for a compound containing a meta-orienting group 
which can be replaced by the desired substituent. BenzaU, 
dehyde fulfils these conditions. When nitrated the meta- 
nitro-compound is formed, from which the corresponding 
toluidine can be obtained by the action of phosphorus 
pentachloride and subsequent reduction: — 


QH5.CHO. 

Renzaldehyde. 


yNO.> 

-> CflH/ ■ 

^CHO. 

Nitro1>enzaI<]cliyde [i ; 3 ]. 


NO3 

CHCI, 


-> C«H / 


Nitrobenzylidene chloride 
[1 : 3]- 


/NH3 

Toluidine 

[1:3]- 


Benzoic acid, on the other hand, yields the meta-com- 
pound by direct nitration, and indirect methods must be 
employed for the preparation of the isomers. Since the 
CH3 group is an ortho-para orienting group, and can be 
readily oxidised to carboxyl, toluene is obviously a suitable 
starting-point, as indicated by the following changes: — 


QH5.CH3 


/NO, 

c„h/ 

\CH3 


Nilrotoluene 
[l : 2 and i : 4]. 




/NO, 

"•<C00H 

Nitrqbenzoic acid 
[i ; 2 and i : 4]. 


These examples suffice to show the general method 
.adopted to introduce a substituent into any desired 
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position ; it consists in the application of the empirical 
laws combined with the reactions which serve for the 
nuitiial replacement of* siibstitiitinf>^ groups. 

In respect to the theoretical considerations arisin*^ out 
of these laws it is to be noted, as was first pointed out by 
Armstrongs, that the substituents in the Groups I. and II. 
differ in their chemical behaviour, especially in the power 
possessed by the meta-orienting^ groups of forming addition 
compounds, a property already considered in the case of 
aldehydes,^ the typical radical of which is included in this 
group. This difference has led to the suggestion that, 
assuming substitution to be preceded by addition, this 
addition takes place with the substituent already present 
in the molecule in the formation of meta-compounds 
and with the carbon atom, to which the substituent is 
subsequently attached, in the formation of ortho- and 
para-compounds. The fact that the amino-^roup and 
its substitution products sometimes function as meta- 
orienting groups is attributed, on this view, to the pos- 
sibility of either method of addition. 

Although this dift'erence in the chemical behaviour of 
the two groups is well founded, the mechanism of sub- 
stitution is as yet too hypothetical to allow of any general 
theoretical deductions from these empirical laws of sub- 
stitution. These laws and the difference in the behaviour 
of meta- in contradistinction to ortho- and para-com- 
pounds both show that there is a constitutional difference 
in these two classes of ben^enoid substitution products, 
and no formula for benzene can be regarded as satisfactory 
which does not give a due interpretation of this difference. 
Neither the Kekul^ nor the centric formula gives any 
indication of this “meta-law.” “Space formulae” devised 
by Collie and others offer some suggestion of a difference 
in structure of meta- as compared with ortho- and para- 
compounds, but they give only a hypothetical explanation 
of the changes that may lead to meta- or to ortho-para- 
substitution. ^ 

Uric Acid and Allied Compounds, — Urea, hippuric acid, 

^ Chop. viii. p. 137. 

2 Cf, Collie,/. Chem. Soc.^ 1897, Ixxi. 1018; Lapwortb,/. Chem, Soc,^ 
1898, Ixxiii. 454 ; Marsh, /. Chem. Soc.^ 1902, Ixxxi. 961 ; Barlow and 
Pope,/. Chem. Soc., 1906, Ixxxix. 1697. 
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and uric acid are the chief nitrogfcnous excretory products 
of animal metabolism. They arc derived from the com- 
plex proteins contained in tlic viirious tissues cinci fluids 

of the body, and constitute, toi^etlier with ammonia, the 
decomposition products of the nitrof^cii of food, fn the 
case of mammals, by far the larg-est proportion of the 
excreted nitro|cen leaves the body in the form of urea; a 
minor proportion is eliminated as uric acid. With birds 
and reptiles uric acid takes the place of urea, whilst the 
herbivora excrete both hippuric and uric acids. It appears 
that the liver is the chief centre of this oxidation of the 
nitrogenous constituents of the body, and there are, beyond 
doubt, many stages that intervene between the complex 
compounds conveyed to the liver by the blood and these 
final products of their metabolism. There is but little 
certain knowledge regarding these intermediate products. 
The total change is one of oxidation from less to more 
highly oxiefised compounds successively; uric acid is prob- 
ably a forerunner of urea, and experiments by Araki^ 
indicate that the formation of ammonium lactate precedes 
that of urea. 

Urea is an acid amide derived from carbonic acid, and 
it is of interest to note that, whilst the carbon of food is 
oxidised in the body to carbonic acid, the nitrogen yields 
a cojiTipound of similar type: — 



OH 

OH 


Carbonic acid. 


.NH 

< 

\NH 


2 

2 


Urea. 


Urea was first prepared synthetically by Wohler in 
1828, by heating ammonium cyanate; the change involves 
a complex molecular rearrangement, as is evident from the 
structural formuUe of the respective compounds:— 

/NH. 

Nr.-C- 0 — NH, --- C-O 

Ammonium cyanate. Urea. 


* 'A. physioloj^, Chem,^ 1891, xv. 335. 
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Urea is formed either by heating a solution of ammonium 
cyanate or by melting the solid, and the reaction has been 
shown to be reversible it reaches a limit which at 100® 
ill aqueous solution, corresponds to a mixture containing 
about 91.6 parts of urea to 4.5 parts of amnioniuni cyanate, 
some four per cent, of the products being lost owing to 
secondary decompositions. A mixture of the same com- 
position is formed when a solution of urea is heated to the 
same temperature ; it represents, therefore, a condition of 
equilibrium analogous to that observed in the preparation 
of ethereal salts.^ 

The historic importance of Wohler’s synthesis, the first 
recognised attack on the “ vital force ” distinction between 
organic and inorganic compounds, may be recalled. 
Numerous other syntheses of urea are now known which 
leave no doubt as to its structure. ‘ 

Hippuric acid is also a comparatively simple compound. 
It is derived from amino-acetic acid, one hydrogen atom 
of- the amino-group being replaced by the benzoyl n'ldical. 
This is proved by the formation of amino-cacetic acid 
(glycocoll or glycine), and benzoic acid upon hydrolysis 
with alkalis or acids ; also by various synthetical methods 
of preparation : — 


CH2.NH.C6C,H,.+ HOiH CH^j.NH, 

I = I " ‘ + CcH.XOOH. 

COOH COOH . 


Hippuric acid (Kenzoyl glycocoll). Glycocoll. Benzoic acid. 


Hippuric acid is eliminated in human urine after ingestion 
with benzoic acid or with other simple derivatives of 
benzene.^ 

Uric acid and its allies, on the other hand, belong to a 
very complex group of compounds, and it is only wdthin 
the last few years that their structure has been completely 
elucidated. The members of this group are in part of 
animal, in part of vegetable origin. Paraxanthine and 
heteroxanthine are associated with uric acid in urine; 
xanthine^ adenine^ and hypoxanfhine are found in the 


^Walker, /. Chem, Soc,^ 1S95, Ixvii. 746; 1S97, Jxxi. 489; 1900, 
Ixxvii. 21. 

^ Cf. Chapter ix., p. 163. 

3 Cf, Chap. xvi. p. 453. 
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pancreas, spleen, and liver, and probably form part of the 
nucleins of cells, whilst theohrmnine^ caffemCy and then- 
phyllim are products of veg-etable metabolism, being the 
physioloj^ically active constituents of lea, coffee, and cocoa. 
The foundation of the present knowledge of this group 
was laid by Liebig and Wohler in a classical memoir, 
“ Investigations on the nature of Uric Acid,** published in 
1838.^ In this paper very many derivatives of uric acidwere 
described, and their mutual relations studied with a degree 
of accuracy which has permitted neither additions nor 
corrections. The synthetical stage in the study of the 
group was first approached by von Baeyer (1863), who 
succeeded in preparing several of the decomposition 
products of uric acid obtained by Liebig and Wohler, but 
who fell just short of the synthesis of the acid itself. H)mil 
Fischer in 1896 supplied the coping-stone to Baeyer*s work, 
and has since successfully extended his studies to Ithe 
whole of the uric acid group. 

Urea itself is the simplest starting point for the co4i- 
sideration of these compounds. The simpler organic acids 
react readily with urea, in presence of a suitable dehydrating 
agent, to form heterocyclic compounds known as Uretdes. 
Thus oxalic acid forms oxalyl urea according to the 
equation : — 


N 



N 


\;h 


+ 


co;OH: 
CO OH: 


/NH— CO 

C0< I + 2H,0. 
^NH— CO 


Oxalyl urea or Parabanic acid. 


Malonyl urea, or “barbituric acid,*’ and mexoxalyl urea, 
or “alloxan,” are similarly derived from malonic and 
mesoxalic acids respectively. 


/NH— COv 

C0< ^CIL^ 

\nh-co/ 

Malonyl urea, or Barbituric acid. 



NH— COs^ 

NH—CO'^. 


CO 


Mesoxalyl urea, or Alloxan. 


’ **Untcrsuchungen iilxir tlie Natur der Harns’aure,” Anna/eUf 
xxvi. 241. ’ 
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All these compounds were originally prepared from uric 
acid by Liebig and Wohler, to whom the alternative 
names of parabanlc acid, barbituric acid and alloxan are 
due; they were subsequently obtained synthetically by 
von Baeyer. Since uric acid forms urea and alloxan upon 
oxidation it w«is regarded as a simple iireide in combina- 
tion with a urea radical, and as long ago as 1875 Medicus 
suggested a formula for it which has since been proved to 
be correct: — 


HN- 


-CO 


OC 

1 

HN- 


C- 


-NH 


\ 


CO 


-C-- 


Uric acid. (Medicus.) 

The formation of alloxan and urea upon oxidation is 
completely in accord with this formula, the decomposition 
taking place at that portion of the molecule indicated 
above by the dotted line. But alternative formulse are 
possible, and it was not until Emil Fischer (1884) showed 
the existence of two monomethyluric acids, one of which 
gave alloxan and methylurea, the other methylalloxan 
and urea upon oxidation, that the correctness of this 
unsymmetrical formula was fairly established. 

The correlation of the structure of the various members 
of the uric acid group, which has followed from Emil 
Fischer’s later work (since 1895), has established the 
presence of the following atomic grouping in them all, 
the relative position of the atoms being denoted by the 
numbers 1 to 9; — 


I. N C, 6. 



4. 9. 


The simplest member of this group, the mother-substance 
of uric acid and its allies, is derive^ from the above 
nucleus by the addition of four atbms of hydrogen. 
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Fischer^ has succeeded in preparing this compound, and 
has named it Purine^ from punim uricum. Uric acid 
compounds are now classed as the purine group. 


N=CH 

I I 

HC C— NH. 


N— C- 


\CH 


Purine. C5H4N4. 


The empirical forniulai for purine, hypoxanthine, xanthine 
and uric acid differ successively by one atom of oxygen: — 


CjH.Np. 

Purine. Hypoxanthine. Xanthine. Uric acid. 


Each stands, therefore, in the empirical relation of a 
hydroxy-compound to its hydrocarbon, in respect to purine ; 
hypoxanthine is related as a monohydroxy -derivative, 
xanthine and uric acid as di- and trihydroxy-derivatives 
respectively. This connection has been fully established 
by experiment. In order to make it clear, it is necessary 
to employ alternative hydroxylic and ketonic formulae for 
these hydroxy-derivatives, as in the case of ethylaceto- 
acetate and phloroglucinol.^ 


-N = C(OH)-N= -NH-CO-N = 

Hyihoxylic group. Ketonic group. 

The following formulae represent these relations for hypo- 
xanthine, xanthine and uric acid: — 


HN— CO 

I 1 

HC C— 

II II 
N— C— 

Hyp oxanthine 
(6 Oxy-purine). 


NHv 


HN— CO 
OC i— NH. 

I II 

HN— C— N^ 

Xanthine 

(2 : 6 Dioxy-purine). 


^BerichU^ 1899, xxxii. 449. 
^CJ, Chap, xiv., p. 398* 
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HN-CO 

I I 

oc c NH. 

I II - >co 

HN--C— Nil/ 

Uric acid 

(2 ; 6 : 8 Trioxy-purine). 


Alternative isonieric formulce 


N -C.OH 

I I 

HC C— NH 

II II 

N— C— N ' 

IJypoxanthinc. 

(6 llydroxy-purine.) 




N=C,OH 

I I 

HO.C C— Nils 

II II >X’H 

N— C-Nr' 

Xanthine. 

(2 ; 6 Dihydroxy-purine. ) 


N— C.OH 

I I 

HO.C C— NHv 

II II >C.OH 

N_C N/ 

(2 : C ; 8 Tnhydroxy-purine.) 
Uric acid. 


These isomeric relations are necessary for the considera- 
tion of the synthetical reactions employed by Kmil Fischer 
in the study of the purine g^roup, reactions which have led 
to the preparation of no less than some 200 purine com- 
pounds, and to a full proof of the position occupied by the 
various substituents in the purine ring-. Full details of 
this work will be found in Fischer’s summary of his in- 
vestigations;^ it,, must suffice here to indicate briefly the 
methods employed. 

Von Baeyer had prepared a compound known as pseudo- 
uric acid by the action of potassium cyanate on amino- 
malonyl urea or uramil, the ure’ide of malonic acid, in which 
a hydrogen atom in the group is replaced by the 
amino-group. The reaction is analogous to the synthesis 

^ *'Die PuriDgruppe,’* Berichtc^ xxxii. 4|5 ; ** Untersuchungen 
in der Puringruppe^ (i882*t’906), 1907. " ^ 
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of urea from ammonium cyanate, as shown in the following 
equations : — 

NHj + NCOH = NH 2 — CO— NHa 

Ammonia. Cyanic acid. Urea. 

(C4H3N.03)NH2 + NCOH - (C,H3N,03)NH-C0-NH... 

Aniino-malonyl urea. Cyanic acid. Pscudo-uric acid. 

This pscudo-uric acid differs in composition from uric acid 
by the elements of a molecule of water, which Fischer 
found could be removed by the action of dilute hydrochloric 
acid with the formation of uric acid: — 


HN— CO 

I 


HN— CO 

I I 


OC CH., 

1 1 

OC CH.NH., 

1 1 

1 I 

HN— CO. 

1 1 

HN— CO 

M.nlonyl urea. 

Uramil, 

HN— CO 

HN— CO 

1 1 

/H 1 1 

OC CH*.NH.CO.N 

< — ^ OC C— NH 

1 1 

\h* I II 

HN— CO* 

HN— C— NH 

I'seudo-luic acid. 

Uric acid. 


>co 


The two hydrogen atoms and one oxygen atom 
eliminated from the pseudo-acid as water are marked 
with asterisks. The importance of this reaction lies in 
the fact that many methyl derivatives of pseudo-uric acid 
can be similarly prepared, which thus lead to the synthesis 
of methyl uric acids ; and since the position of the methyl 
groups in the pseudo-acids is determined by the compounds 
used in the synthesis, their position in the purine ring can 
be established. These methyl derivatives include theophyl- 
line, theobromine, and caffeine, and the orientation of 
these compounds (which can also be obtained by the direct 
methylation of xanthine) has been in part established by 
this method. ^ ^ 
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HN— CO, 

I I ' 

OC C— NH., 

I II :cH 

HN— C-N 

Xanthine 

( 2 : 6 Dioxy-purine). 


CH..N~CO 

I I 

OC C— Nils 

I II ^cn 

CH3.N -C -N, ' 

Theophylline 

(1:3 Dimethyl-xanthine). 


HN— CO 

I I 

OC C— N.CHj 

I II Vh 

CH 3 .N— C-N^ 
Theobromine 
(3 : 7 Dimethyl-xanthine). 


CHo.N— CO 

I I 

OC C— N.CH. 

I II 

CHg-N— C— 

Caffeine 

(1:3:7 Trimethyl-xanthine). 


A second method employed by Fischer has led to the 
successive reduction of uric acid to xanthine, hypoxan- 
thine, and finally to purine itself. This reduction cannot be 
effected directly, but by first allowing phosphorus oxy- 
chloride to act upon the oxypurines, chlorpurines are 
formed, which can be reduced. The changes involved are 
best represented on the hydroxylic formula of the oxy- 
purines : — 

--.NH-CO— NH— _N = C(0H)— NH-- ~> 

Oxypurine group. Hydroxylic formula. 

— N-C.CI— NH— .-N = CH— NH— 

Chlorpurine group. Reduced oxypurine. 


On these lines the methyl uric acids can he converted 
into methyl-xanthines, and the latter, by a repetition of 
these changes, into the methyl-hypoxanthines ; or, by 
reducing uric acid itself to xanthine or hypoxanthine, and 
methylating the latter, theophylline, theobromine, and 
caffeine can he prepared from uric acid as the starting-point. 
The chlorpurines are very reactive compounds; when 
treated with aqueous alkali or acid the chlorine atom is 
replaced by hydroxyl, thus leading back to the oxypurines 
themselves ; and by suitable reagents the halogen can be 
substituted by the groups OC2H^, SH, NHg, with the 
formation of purine ethers, thiopurines, and aminopurines. 

15 
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The latter include adenine^ which is 6 amino-purine, and, 
therefore, closely related to hypoxanthine and guanine, 
which is 2 amino-hypoxanthine : — 


N-.C.NH.. 

I I “ 

HC C -NH. 

II II >CH 

N— C N<^ 

Adenine. 


HN-CO 

I I 

II.N.C C~NH, 

II II >CH 

N— C 

Guanine. 


The therapeutic importance of theobromine and caffeine 
adds a special interest to this remarkable series of investi- 
gations. Uric acid is a readily accessible compound, 
being contained in considerable quantities in guano, and 
since several . methods are available for converting it into 
methylated dioxypurines, such as theophylline and caff^eine, 
the commercial preparation of the latter from uric acid is 
already being effected. Further, the study of the relation 
of chemical structure to physiological action may reveal 
other compounds of therapeutic value araongst the now 
numerous members of the purine group. 

The PolypepHdes . — The term “Polypeptides” has been 
given by E. Fischer to a number of synthetically prepared 
compounds which are related to the proteins and to their 
products of decomposition. On account of the great im- 
portance of the part played by the proteins in animal and 
vegetable metabolism, a very special interest centres in 
the attempts that have been made to unravel the nature of 
these complex molecules. 

Owing to the colloidal nature of these substances, referred 
to above, the differentiation of the natural products is 
difficult, and, as yet, in many respects unsatisfactory; but 
it has been possible to distinguish some forty or fifty 
natural proteins by means of such physical characteristics 
as solubility, coagulability, and the like. In order to gain 
an insight into their structure, both analytical and syntheti-^ 
cal methods have been applied, the latter having naturally 
succeeded the former, as in the investigation of all other 
groups of organic compounds. Of the many analytical or 
decomposition processes that have been tried, that of 
hydrolysis^ has hitherto been the only one to give useful 
^ Cf. Chapter ix. pp. i68, 173. 
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results. By the hydrolytic action of chemical reagents and 
of enzymes the proteins are successively broken down into 
albumoses and peptones, and finally into simpler com- 
pounds, amongst the most characteristic of which are 
certain amino-acids, such as amino-acctic acid or glycine, 
amino-isobutylacetic acid or leucine, and amino-succinic 
acid or aspartic acid: — 

CH3. 

NH 2 .CH 2 .COOH. >CH.CH2.CHNH2.C00H. 

CH/ 

Glycine. Leucine. 

COOH.CHNH 2 .CH 2 .COOH. 

Aspartic acid. 

Some twenty different amino-acids have been obtained by 
this hydrolytic decomposition of the proteins; they include 
both aliphatic and cyclic compounds, and although the 
majority of them are always formed by the decomposition 
of all the typical proteins, the relative proportions obtained 
vary considerably. 

These acids have very naturally been the starting-point 
for the .synthetical experiments in this group of compounds. 
The products obtained in the earlier attempts to prepare 
protein-like compounds from such amino-acids were 
indefinite colloidal substances, which whilst they showed 
some of the empirical characteristics of the proteins, such 
as the ‘‘Biuret reaction” (the formation of a violet 
coloration on the addition of copper sulphate and sodium 
hydroxide), were products of unknown constitution, and 
consequently in no way helpful as a means of determining 
the structure of the group. 

During the last few years, however, a great impetus 
has been given to the study of these compounds by the 
investigations of Emil Fischer, who has, since 1901, pre- 
pared a whole series of derivatives of amino-acids of known 
structure, which show many of the characteristics of the 
proteins, \>oth in their behaviour towards enzymes and 
towards chemical reagents. Several reactions have been 
made use of by Fischer in these investigations, of which 
the following may be taken as a type. A substance called 
glycine or glycocoll (amino-acetic acid) anhydride was 
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prepared by Curtius, which Fischer converted into a kind 
of double glycine molecule, glycy 1-glycine, which may be 
regarded as derived from two molecules of glycine by 
tlie elimination of a molecule of water: — 

NHa-Cir^-COOH + H NH.CH^.COOII 

- NH3.C1I.3.C0.NH.CH.^.C0QH. 

Glycyl glycine. 

Regarding the glycine radical as the representative of 
a peptide group, glycyl glycine is the simplest example of 
a di-peptide. By the successive action of the acid chloride 
of chloracetic acid and of ammonia on this compound, the 
corresponding tri-peptide can be obtained; the stages in 
these reactions are shown in the following formulas : — 

NH^.CHa.CO.NH.CHg.COOH. 

Glycyl glycine. Dipeptide. 

ClCH^.CO.NH.CHg.CO.NH.CHg.COOH. 

Chloracetylglycyl glycine. 

NH2.CH2.CO.NH.CH2.CO.NH.CH2XOOH 

Digiycyl glycine. Tri peptide. 

By a peculiar condensation, this tri-peptide can be con- 
verted directly into a hexa-peptide. Its methyl ester is first 
prepared, and. this readily loses methyl alcohol on heating 
to 100*, forming pentaglycyl glycine methyl ester: — 

NH2CH2C0(NHCH2C0)4NHCH2C00CH3 

By a further series of somewhat analogous reactions the 
chain of amino-acid residues may be further built up, and 
since the yields do not appear to decrease with the com- 
plexity of the compounds formed, as is usually the case in 
such repetitions of a synthetical process, the preparation 
of substances of a high degree of complexity may be 
expected. Fischer^ has recently succeeded in preparing a 
compound of this group containing no less than eighteen 
of these amino-acid residues, an octadeca-peptide^ which 
has a molecular weight of 1,213. compared with the 

* Berichfe, 1907, xl, 1754. 
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proteins these polypeptides are doubtless simple molecules, 
but the systematic character of the reactions employed in 
their preparation mark a definite step towards elucidating 
the structure of the natural products, and Fischer’s re- 
searches must accordingly be regarded as marking a new 
epoch in physiological chemistry.^ 

tr 

^ Detsiils of Professor Fischer's work and of the chemistry of the proteins 
wilfbc found in the following books and papers:— 

£. Fischer, “Untersuchungen Ubcr Aminosauren, Polypeptide und 
Proteine, Berichie^ 1906, xxxix. 530; and Faraday Memorial 
Lecture,/. Ckem Soc.^ 1907, xci. 1 , 757 . 

R. IL Aders Plimm^r, “ The Work of Emil Fischer and his School on 
the Chemistry of the Proteins,” Science Pro^ress^ July 1907, 

G. Mann, Chemisiry of the Proteids^ 1906. 

S. B. Schryver, Chemistry of the Albumens ^ 1906. 

A. Kosscl, **Uber den gegenwartigcn Stand dcr Eiweisschemie,” 
Berichte^ 1901, xxxiv. 3214. 



CHAPTER XI. 


THE LABORATORY METHODS OF ORGANIC CHEMISTRY. 

The Study of Reactions. Synthetical and Analytical experiments. 

I. Methods for the Preparation of Organic Compounds: — The 

preparation of monobrombenzene — Halogen carriers— 
Regulation of the temperature of reactions ; the use of sol- 
vents— The preparation and isolation of solids; the prepara- 
tion of acetanilide — Crystallisation — Filtration — Drying 
—Reactions with the chlorides of phosphorus; the prepara- 
tion of acetyl chloride — The preparation of ethereal salts; 
ethyl acetate — The preparation of ethylacetoacetate— The 
use of metallic compounds in the synthetical preparation of 
organic compounds; compounds of zinc and of magnesium; 
the preparation of benzoic acid by the Grignard reaction. 

II. Methods for ascertaining the Chemical Nature of Organic 

Compounds:^The recognition of typical groups— Acids— 
Bases— Ethereal salts— Aldehydes and Ketones. 

III. Oxidation and Reduction. 

IV. Tke application of Electrolysis to the preparation of Organic 

Compounds.--Tht theory of electrolytic dissociation— The 
electrolytic preparation of para-aminophenol. 

Organic and inorganic chemistry are distinguished not 
only by the material with which they deal, but also by the 
methods of investigation employed, although a great many 
similar laboratory processes are naturally in daily use in 
all chemical work, in addition to the distinctive methods of 
experiment. 

The laboratory methods of inorganic chemistry are 
extremely varied, owing to the stability of inorganic com- 
pounds and the wide range of temperature that can be 
employed in their study. The methods for the preparation 
and investigation of organic compounds, on the other 
hand, are, for the most part, more limited in range and 
more general in character; the latter characteristic is the 
outcome of the numerous synthetical reactions which play 
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SO prominent a part in organic chemistry.^ A distinctive 
feature in the practical study of organic chemistry is the 
fact that each reaction is almost invariably accompanied 
by subsidiary reactions; hence the yield of the desired 
product is practically never equal to that calculated from 
the equation expressing the reaction. This contrast to the 
conditions which obtain in reactions with inorganic sub- 
stances is due to the many possibilities in the nature of the 
reactions which can occur. For this reason it is important 
always to record the yield of the product obtained, and 
one of the chief problems of the organic chemist, especially 
when working on technical problems, is to ascertain the 
conditions which will give the maximum yield of the 
desired compound. 

The examination of a reaction between any two or more 
substances involves first of all the study of the conditions 
under which the reaction will proceed; secondly, the 
separation of the product or products of the reaction; 
and Anally, the determination of their identity or of their 
composition. 

Of these three processes, the last is similar in all cases. 
The physical properties described in Chapter VI. are 
employed for establishing the identity of known com- 
pounds, and their ultimate composition is ascertained by 
the ordinary methods of organic analysis. 

The separation of the products of a reaction is conducted 
according to very general methods, regulated by the 
chemical nature of the compounds dealt with, and by their 
state of aggregation, whether solids, liquids, or gases. 
These methods apply also to the isolation of new com- 
pounds and the successful means is often a key to the 
nature of the substance. 

The conditions under which a reaction will proceed are 
well defined for the general reactions of organic chemistry, 
such reactions as arc typical of the more important groups, 
such as the alcohols, acids, aromatic hydrocarbons, etc. ; 
modiAcations are occasionally required, and the iuAuence 
of speciAc groups or substituents on the course of a general 
reaction is, at times, quite remarkable, but on the whole 
these general reactions are carried out on very similar 
lines. New reactions, of course, require special investiga- 
^ Cf, Chap. i. p, 7, 
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tion. This generally consists in ascertaining which of 
the methods employed in dealing with substances of an 
analogous chemical nature is the most applicable, and 
in a careful study of the most favourable conditions of 
reaction in respect to temperature, concentration, suitable 
solvents, the possible action of catalysers, etc. The 
additions to the laboratory methods of organic chemistry 
during the years of its most rapid development have been 
very few; it has been the extensive application of a some* 
what limited number of methods that has accumulated the 
vast number of substances that are now at the disposal of 
the organic chemist. New methods, especially such as 
are applicable to amorphous, non-volatile compounds, as, 
for instance, the albumins, are most needed, because 
unless a substance can be boiled without decomposition 
or can be purified by recrystallisation it is at present im- 
possible to be certain of its purity.^ 

It is to be borne ^n mind that reactions may either be 
constructive or destructive, or, in more precise language, 
synthetical or analytical. The more general laboratory 
preparations are synthetical, since such reactions are the 
more valuable aid in the study of the science, and form the 
most direct evidence of the structure of compounds. But 
syntheses of naturally occurring compounds have always 
been .preceded by investigations of their decomposition 
products. These changes are of wide application and 
lead, according to the nature of the substance investigated, 
to simpler and often to known compounds, and thus give 
a guide to the structure of the original substance. The 
chemical processes which take place in the animal and 
vegetable kingdoms are so subtle and complex that but 
few of them can be imitated in the laboratory. As a con- 
sequence many organic compounds in common use can be 
much more readily obtained by breaking down more com- 
plicated animal and vegetable products than by synthetic 
means, and thus, whilst inorganic compounds are almost 
always obtained synthetically from naturally occurring 
products, the animal and vegetable kingdoms are the 
source of a large variety of organic compounds. It is, 
for instance, more practicable to prepare alcohol from 
sugar, obtained from plants, rather than to prepare it by 
* Cf. Chap. X. p. 190 . 
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synthetical methods in the laboratory. In the investigation 
of the structure of natural products special weight is 
* attached to the recognition of certain well-defined groups 
by means of specific reactions. 

These laboratory processes will be treated consecutively 
in this chapter under the following heads : — 

I. Methods for the Preparation of Organic Compounds. 

II. Methods for ascertaming the Chemical Nature of 
Organic Compounds, 

w III* Oxidation and deduction. 

IV. The appHcatmi' of Electrolysis to the preparation of 
Organic Cotnpounds, 

In each case the methods will be illustrated by simple 
examples and by a descripUon of the apparatus employed. 

I. Methods for the Preparation of Organic Compounds, 

The preparation of Monohromhenzene, — The substitution 
of a hydrogen atom in a hydrocarbon by chlorine or by 
bromine is a simple instance of a direct action between two 
substances. In many cases, however, this substitution 
only proceeds slowly and incompletely, and for the practical 
preparation of halogen substitution products it has been 
found advantageous to add small quantities of other 
substances which facilitate the completion of the reaction. 
To prepare, monobrombenzene, for instance, from the 
hydrocarbon, a weighed quantity of benzene is placed in 
a flask, together with a small proportion of coarse iron 
filings and the proportion of bromine required by the 
equation: — 

CeHe + Br^ » CeH,.Br + HBr. 

The flask is attached to a condenser, as shown in Fig. 12. 
The object of the condenser is to prevent the escape of 
any vapours of benzene which might be evolved at the 
temperature of the reaction. The attachment between a 
flask and condenser for such experiments as this is usually 
effected by means of a bored cork or rubber stopper, but 
since bromine attacks both these substances some other 
contrivance is necessary in this case* As shown in the 
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figure, a piece of stout rubber tubing is used r fixed outside 
the flask and condenser tube, so that it is scarcely exposed 
to the bromine vapours; another plan is to make the joint • 
with asbestos paper or to use a ground-glass connection. 

The reaction usually starts spontaneously and in order 
to moderate it the flask is cooled at first by placing it in 
a bath of ice-cold water; to complete the reaction the 
contents of the flask are subsequently heated over*a wire 
gauze, as shown in Fig. 12 . Fumes of hydrobromic acid 
are evolved, and the cessation of these fumes indicates the 
completion of the reaction ; this evolution necessitates the^ 



operation being conducted in a draught-place, or else a 
suitable absorbent for the evolved gas must be connected 
with the top of the condenser tube. The liberation of 
hydrobromic acid indicates at once that the bromine is 
effecting a substitution in the hydrocarbon, as expressed 
by the equation given above; were the hydrocarbon an 
unsaturated compound such as ethylene, the bromine would 
be simply absorbed, and no hydrobromic acid would be 
liberated. The reaction would, moreover, take place much 
more rapidly than in the bromiiiation of a saturated hydro- 
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carbon. On adding bromine to an unsaturated hydro- 
carbon or its derivative, the absorption of the halogen is 
shown by its colour disappearing from the mixture as 
added, and the completion of the reaction by the fact that 
the colour of the bromine finally remains persistent. Such 
indications are of the greatest value in carrying out 
reactions of this type with new compounds, since they 
serve its a guide to the nature of the substances acted 
upon. After the completion of the reaction, the bromben- 
zene retains a certain amount of dissolved bromine and 
^ydrobromic acid, together with a little unchanged benzene ; 
in addition, a further \}romination beyond the formation 





of monobrombenzene is always effected to a small extent, 
for it is impossible to restrict the action to one single 
bromination product ev^n i^hen the quantity of bromine 
employed is limited to the theoretical proportion. The 
dibrombenzcne which is formed in this case is accounted 
for by the fact that some of the benzene escapes 
bromination. 

Several processes arc available for isolating pure niono- 
brombenzene from the product of the reaction. The 
following is a very general method of procedure: — First 
of all the unattacked benzene is removed ^y distillation. 
Since benzene boils at 8o%2 and monobrombenzene at 155% 
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the former can be removed at the temperature of the 
water-bath. A cork and exit tube is, therefore, attached 
to the original flask and the tube connected with an 

inverted condenser, as 
shown in Fig. 13. The 
A water-bath is filled with 

water and heated to boil- 
i, ,i ing, and the condensed 

iTg ¥1 benzene vapours are col- 
^ V li'* iected in the receiver at 
I 1) S \ condensem., 

I I V tube. A constant-level 

I I 1 water-bath is shown in 

I ^ Fig. 14, the advantage 

• ; v'!. >:! •* of which is obvious; it 

> . ■ has an inlet tube, a, con- 

nected with the water- 
supply, and an outlet 
tube, B, the height of which regulates the upper level of 
the water in the bath. 

When no more benzene distils over, the contents of the 
flask are allowed to cool and are then transferred to a separ- 
ating funnel (Fig. 15), where they are washed 
with dilute sodium hydroxide to remove any jiS 
free bromine and hydrobromic acid that may 
still remain. Brombenzene, like all haloid 
derivatives of the hydrocarbons, is insoluble 
in water, and, therefore, forms a separate layer 
in the separating funnel. These funnels are 
used for the separation of non-miscible liquids, 
for washing, as in the present case, and for ^ 

extracting by means of a solvent. Since they 
are provided with a stopper at the top, as well iff 
as the one on the stem, their contents can be 1 1 

thoroughly shaken in order to make the wash- 11 

ing as effective as possible; the funnel is best 11 
inverted for this purpose, a few vigorous shak- ||| 
ings given, and the tap opened momentarily 
to prevent any excess of pressure remaining 
in the funnel. After having shaken the two liquids 
thoroughly t^ether, a short time must be allowed to 
elapse for th^r separation, and then the heavier brom- 


Fig. 15. 
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benzene is drawn off, from below, into a clean flask. 
The solution of alkali is poured away through the top 
of the funnel, and the brombenzene similarly washed 
with distilled water two or three times. It is then run oft* 
into a dry flask and the adhering water removed by placing 
a small quantity of solid calcium chloride in the flask. In 
all preparations in which liquids are washed with water 
in this^nanner, the product must be dried before it is fit 
for fractionating. The choice of the drying agent depends 
on the substance to be dried. Calcium chloride, potassium 
^r sodium hydroxide, ignited potassium carbonate or fused 
sulphate of sodium (Glauber’s salt), are most commonly 
employed. The drying agent must not have any chemical 
action on the substance to be dried; both alcohols and 
bases, for instance,' combine with calcium chloride. The 
former also react with caustic alkalis, and are, therefore, 
dried over potassium carbonate or sodium sulphate, whilst 
bases, such as aniline, are dried over potassium or sodium 
hydroxide. The dried brombenzene should be quite clear ; 
it is then poured off from the calcium chloride and purified 
by distillation, as described in Chapter VI. 

This direct method of preparing halogen derivatives of 
the hydrocarbons is also applicable in the aliphatic group, 
and the practical working is quite analogous. 

Halogen Carriers , — As stated above, the action of the 
bromine is greatly assisted by the presence of a little 
metallic iron. Aluminium bromide acts similarly, and by 
the aid of such substances, which act as halogen carriers, 
the complete bromination of benzene to the hexabrom- 
derivative, C^jBr^, can be effected. The action of chlorine 
can be similarly assisted by the addition of a little iodine. 
Many such agents are made use of in the laboratory, 
and they all act in a somev^hat similar manner. In the 
Msromination of benzene the iron and bromine first combine 
to form ferrous bromide, which in presence of bromine 
forms the ferric salt thus : — 

2FeBr2 + Br^ = 2FeBr3. 

Ferrous l)romide. Ferric bromide. 

The latter, in presence of benzene, regenerates ferrous 
bromide, and the liberated bromine attacks the hydro- 
carbon : — 

QHfl + 2FeBra « QHg.Br + HBr + 2FeBr2. 
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The ferrous bromide thus formed is again ready to carry 
a new charge of bromine to the benzene, and therefore a 
comparatively insig^nificant quantity suffices for this cycle 
of changes. Similarly, iodine acts as a chlorine carrier 
because the two elements first combine to form the un- 
stable trichloride of iodine, ICI3, which readily gives up 
two atoms of chlorine to the hydrocarbon: — 

Ig + SClg = 2ICI3. 2ICI3 « 2IC1 + 201*2. 

The iodine monochloride thus formed is reconverted to 
the trichloride by the free chlorine present, and thus a^ 
similar cycle of changes occurs.^ Aluminium and cuprous 
salts are specially characterised by their value as carriers 
of certain groups ; their action is not yet completely under- 
stood, but there is no doubt that they act through the 
formation of unstable, intermediate compounds. A group 
of reactions due to Friedel and Crafts, in which aluminium 
chloride is used, offers the most completely studied de- 
composition of this class. ^ In some of these reactions the 
intermediate compounds containing aluminium have been 
isolated.^ 

Regulation of the Temperature of Reactions. The use of 
Solvents . — The temperature at which a reaction should be 
carried out is conditioned by the mutual reactivity of the 
substances concerned. In the preparation of brombenzene 
gentle heating v/as necessary to complete the reaction. 
In other cases the two substances may react so readily, 
or the product of the reaction may be so unstable that 
the vessel in which the experiment is carried on must be 
cooled by ice or by a freezing-mixture of ice and salt ; 
this is always necessary in the preparation of diazo- 
compounds and of azo-colours/ and even in qases where 
the product is quite stable it is often desirable to cool the 
reagents in order to avoid the formation of by-products.*" 
It is also possible to moderate a reaction by the use of 
solvents such a$ ether, alcohol, benzene, or glacial acetic 
acid, thus decreasing the concentration of the reacting 
substances ; in such cases the solvent must, of course, be 

^ Cf. A. Slator,/. CAem. See., 1903, Ixxxiii. 729. 

9 Cf. B. D. Steele,/. Chem. See., 1903, Ixxxiii. 1470. 

’ Perrier, BeriehU, 1900, ilxxiii. 815. 

^ Cf Chap. X. p. 206, 
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without chemical action on the substances employed or 
on the product or products of the reaction. When the 
mixture of substances requires heating, the boiling point of 
the mixture will of necessity limit the temperature that can 
be obtained in open vessels; but by employing sealed glass 
tubes experiments can be conducted up to 300* with safety. 
In working on a larger scale, autoclaves are used in place 
of seated glass tubes. In reactions involving the use of 
solids, solvents are generally necessary, unless the tempera- 
ture employed is above the melting point of the substance 
Ased, or unless, when in studying the action of a liquid on 
a solid, the former itselY acts as a solvent for the latter. 

In order to regulate the temperature at which a reaction 
is carried out it is necessary to heat the flask containing 
the reagents in a bath of some kind, even if the reaction 
be started with a liquid of constant boiling point. For 
instance, in the chlorination of toluene^ it will not do to 
keep the liquid at its boiling point during the reaction, 
for as the chlorination proceeds the boiling point of the 
liquid rises; toluene boils at in'*, a suitable temperature 
for the chlorination, but the boiling point of benzyl 
chloride, the product of the reaction, is 176". For 
temperatures below 100" a water-bath suffices ; above 
that an oil-bath, filled yith boiled linseed oil or rape oil, 
is generally used. Baths charged with substances of con- 
stant boiling point, such as saturated salt solutions, are also 
occasionally employed, t'he use of solvents also allows of 
the temperature being regulated, since they are usually so 
largely in excess of the reacting substances that the boiling 
point of the mixture is practically that of the solvent. 

The Preparation and Isolation of Solids; fhe preparation 
of Acetanil ^. — In the preparation of solid compounds the 
laboratory methods fliffet from those described only in 
(<Eespect to the isolation and purification of the resulting 
product. The preparation of acetanilide (antifebrine), from 
aniline and glacial acetic acid, is a simple example of Ihq,. 
method adopted. The reaction involved is represented by 
the equation ; — 

QH^NHg + CH8,C00H = CaHa.NH.COCHs + H^O. 

Aniline.^ Acetanilide. 


* Cf Chap, viii, p. 127. 
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To carry out the reaction, aniline is heated with an excess 
of glacial ficetic acid in a flask connected with an upright 
tube or air-condenser about a yard long; the tube serves 
to condense the vapours of acid and aniline as they are 
given off from the mixture in the flask on heating, and 
as neither of the constituents is very volatile, and the 
temperature employed is only suflicient to keep the liquid 
simmering, it is unnecessary to use a water-cooled con- 
denser. This simple arrange- 
ment is shown in Fig. i6. 

The reaction is completed^ 
when no more free aniline 

remains ; this takes about 

twelve hours. On cooling, 
the whole sets to a solid mass. 
To purify the product it is 
dissolved in boiling water 

and the solution filtered and 
allowed to cool, when char- 
acteristic, tabular crystals of 

acetanilide separate out. 
These are filtered off, dried, 
and purified by recrystallisa- 
tron from water or from dilute 
alcohol; it is sometimes neces- 
sary to add a little animal 
charcoal to absorb traces of 
colouring matter. 

Crystallisation , — The first process involved after the 

completion of the reaction is the solution of the 'acet- 
anilide in water. From a general standpoint the object 
of solution is, on the one hand, tb Remove irnpurities in- 
soluble in the selected solvent, and, on the* other, to 
separate the dissolved product from more or less soluble 
impurities, either^ by simply allowing the solution to cool 
pr by concentration. The choice of solvent depends, o? 
course, on the substance to be dissolved ; watef^ alcohol, 
ether, benzene, light petroleum (petroleum ether), glacial 
acetic acid, or mixtures of these, are most commonly 
employed. In the case of new comf^unds the selection 
tnust be determined by direct experiment ; ^e most 
favourable condition is when the substance shoWs sufficient 





LA130KAT0RY METHODS OF ORGANIC CHEMISTRY. 241 

difference of solubility in the hot and cold solution of the 
solvent to allow of its separation from the former on 
cooling. Such separation is seldom complete, and sub- 
sequent concentration is necessary for the recovery of the 
whole of the dissolved product; or occasionally, the addition 
of a second solvent, in which the substance is sparingly 
soluble or insoluble, to the solution, 
will effect its separation in a crystal- 
line form. The solution is effected in 
a flask, which in the case of inflam- 
mable solvents such as alcohol or 
ether must be attached to an upright 
condenser, the minimum quantity of 
solvent necessary for complete solution 
being employed. When* the bulk of 
the substance is dissolved the solution 
is filtered through a funnel fitted with 
a folded filter paper (Fig, 17), and 
the filtrate collected in a beaker or 
crystallising dish. It often happens 
that the dissolved substance, especially 
if sparingly soluble, separates from the 
solution during the filtration and thus 
clogs the space between the funnel and the filter paper. 
This is obviated by keeping the funnel warm, and of the 
many contrivances for this purpose a copper coil healed 
by steam, and into which the funnel fits, is the best. 
Fig. 18 represents this arrangement; 
a very gentle current of steam is 
sufficient. 

The dissolved acetanilide separates 
from the solution on cooling, more or 
less completely, according to the quan- 
tity of solvent employed; "the crystals 
' ^ are next filtered off, and a second crop 
can be obtained by the concentration 
of the fi%^te. ^ 

Filtrc ^^. — The form of filter very generally employed 
for collecting solidproducts is a porcelain funnel provided 
with a false bottom which is perforated with a number of 
fine holes (Fig. 19) ; a piece of filter paper is fitted over tb^ 
holes and moistened with the solvent employed so as to 

16 



FIG 18 



FIGJ7 
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ensure its close adherence to the base of the funnel. To 
facilitate the filtration the funnel is fitted into the neck of 
a filter flask by means of a rubber stopper, and the flask ' 
exhausted by a filter-punip to which it is attached by a 
piece of thick-walled rubber tubing. This arrangement' 
is shown in Fig. 20; with a good pressure of water 
the crystals can be almost completely dried by means of 
the pump. Before removing them from the filter^it is 
necessary to wash them with a little of the solvent origin- 
ally used in order to remove the adhering mother-liquor, 
and it is advantageous, for the sake of the subsequent 



Fig. 19. Fig. 20. 


drying, to follow this washing with a further washing with 
a small quantity of a more volatile liquid, such as alcohol 
or ^ther, provided, of course, that the substance is not too' 
soluble therein, and that the original solvent is miscible 
with that subsequently employed. 

Drying ^ — The washed acetanilide, after being dried as 
completdy as possible on the pump, is pressed between 
folds of filter-paper, and then transferred to a suitsible dish 
or watch glass and the drying completed on the water-bath.^ 
In the case of substances that melt below loo^ this final 
drying can be efifected either by placing the crystals *oa 
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several folds or pieces of filter-paper with an inverted 
funnel over them and allowing the last traces of the 
solvent to evaporate spontaneously, or by putting the 
product in an exsiccator (Fig. 21), which can be evacuated 
of air by means of the filter-pump. The drying material 
placed in the exsiccator (calcium chloride, sulphuric acid, 
or potassium hydroxide) is chosen according to the nature 
of the substance to be dried and of 
the solvent to be absorbed. 

The purity of the acetanilide can 
finally be ascertained by the deter- 
mination of its meltidg point.^ If it 
be impure, further recrystallisation is 
necessary. 

The separation of two or more 
solid substances from one another 
is often effected by taking advantage 
of their different solubilities in a 
suitable solvent. This process is 
known as fractional crystallisation. 

It is often a long and tedious pro- 
cess before each constituent can be 
separated in a sufficient state of 
purity, either for identification or 
for analysis. The homogeneity of 
the separated crystals is a most useful guide as to whether 
the process employed is really effecting a separation of 
the mixed products; the purity of each product is best 
judged by the constancy of the melting point after re- 
crystallisation. 

Reactmis with the chlori^s of Phosphorus; the pre-- 
paration of Acetyl chloridel^Th^ reaction of phosphorus 
pentachloride with alcohols, acids, aldehydes, and ketones 
has already been studied in reference to its bearing on the 
structure of these compounds.^ The experimental methods 
adopted for carrying out these and allied reactions con- 
stitute an important and very general laboratory process. 
The replacement of an hydroxyl group by an atom of 
chlorine, or of an oxygen atom by two atoms of chlorine, 
which is effected by this reaction, leads to the preparation 
^ Chap. V. p. 82. ■ Chap. viii. p. 133. 
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of acid chlorides and of halogen derivatives of the hydro- 
carbons, as illustrated in the following examples: — 

CH3.COOH CH3.COCI. QH5.COOH QH^COCI. 
Acetic add. Acetyl chloride. Benzoic acid. Benzoyl chloride. 

QHj.OH C3H5.CI. QH,,OH CoH^.Cl. 

Ethyl alcohol. Ethyl chloride. rhenol. Chlorbentene. 

CH.\ CHgX 

)>CO _> )>CClj CjHs.CHO-s-CjHji.CHClj. 

CH3/ CH3/ 

Acetone. Dichloracetone Bcnzaldehyde. Benzylidene 

(Dichlorpropane). chloride. 

The three chlorides of phosphorus, the pentachloride, 
PClg, the trichloride, PCI3, and the oxychloride, POCI3, are 
all available for effecting this substitution. They differ in 
their reactivity, in the products of their decomposition, 
and in the quantitative relations of the reactions involved. 
The pentachloridc is the most reactive of the three, the 
oxychloride the least reactive. The first is, therefore, 
usually employed when the substance to be acted upon is 
attacked with comparative difficulty, whilst the latter and 
the trichloride are used with compounds that are more 
readily attacked ; since, however, both the trichloride and 
the oxychloride are liquids with fair solvent powers, they 
are occasionally advantageously employed in preference 
to the more reactive, solid pentachloride on account of the 
more intimate mixture of the reacting substances that is 
thus possible. 

Benzoyl chloride, for instance, is prepared by the action 
of the pentachloride upon benzoic acid, whilst the tri- 
chloride is used in the preparation of acetyl chloride. 
The following equations represent these decompositions:— 

CeHj.COOH + PCI,, « CeH^-COCl + HCl + POCI3. 

Benzoyl chloride. 

3CH3.COOH + 2PCI3 - 3CH3.COCI + 3 HC 1 + P2O3. 

Acetyl chloride. 

In the preparation of benzoyl chloride, it will be noted 
that one molecule of phosphorus pentachloride yields one 
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molecule of the acid chloride, against the three molecules 
of acetyl chloride which are formed by the use of two 
molecules of the trichloride of phosphorus. Also, that in 
the former case phosphorus oxychloride, a volatile com- 
pound boiling at 1 lo*', is formed, whilst in the latter, non- 
volatile phosphorous oxide results. In both reactions 
there is an evolution of hydrochloric acid gas, which in 
the Case of a new compound indicates that the reaction is 
proceeding on the normal lines, and serves further to 
show whether the reaction should be assisted by heat or 
moderated by cooling; as in the preparation of bromben- 



zene, this evolution of gas gradually slackens towards the 
completion of the reaction, and ceases when it is finished. 
Since the chlorides of phosphorus and also the chlorides 
of the organic acids are attacked by water, it is necessary 
to exclude all moisture in carrying out these reactions. 

For the preparation of acetyl chloride, glacial acetic 
acid is placed in a fractionating flask, which is fitted 
with a cork and tap-funnel, and attached to a condenser 
and receiver, as shown in Fig. 22. A small tube, filled 
with calcium chloride, is attached to the receiver to prevent 


246 MODERN ORGANIC CHEMISTRY, 

the acces.s of any moisture from the air, and all parts of 
the apparatus are very carefully dried before starting the 
experiment. The proportion of phosphorus trichloride in- 
dicated by the equation given above is placed in the tap- 
funnel and added gradually to the acetic acid in the flask, 
the mixture being kept cool by the water in the water- 
bath, in which the flask is placed. After the whole of 
the chloride of phosphorus has been added the \4^ter- 
bath is gently heated, and the heating continued until 
the evolution of hydrochloric acid gas, which is quite 
violent at first, has almost stopped. The acetyl chloride, 
which is a volatile liquid boiling at 51**, can then be boiled 
off from the phosphorous oxide, and by redistillation in a 
similar apparatus, in which a thermometer is substituted 
for the tap-funnel, it can be purified by fractional distilla- 
tion. The whole operation must, of course, be conducted 
in a draught cupboard. 

The preparation of Ethereal Salts; Ethyl Acetate , — 
Ethereal salts, such as ethyl acetate, result by the inter- 
action of an acid and an alcohol according to the 
equation : — 

CHg.COOH + CgHsOH = CHg.COOCgH^ + HgO. 

The action is reversible owing to the water that is 
eliminated in the decomposition; as already pointed out 
it reaches a limit, and therefore, for the laboratory pre- 
paration of ethereal salts the addition of a suitable 
dehydrating agent is a necessity. Concentrated sulphuric 
acid or dry hydrochloric acid gas is usually employed.^ - 

For the preparation of ethyl acetate equal volumes of 
ethyl alcohol and of concentrated sulphuric acid are placed 
in a flask provided with a tap-funnel, thermometer, and exit 
tube, the latter being attached to a condenser, as shown 
in Fig. 23. (The thermometer is not shown.) The con- 
tents of the flask are heated to 140**, either in an oil- 
bath, or over a sand-bath or a piece of wire gauze, 
and when this temperature has been reached a mixture 
of equal volumes of glacial acetic acid and ethyl alcohol 
is added gradually through the tap-funnel. Since ethyl 
acetate is a liquid boiling at 78**, it distils over and is 


^ Chap. ix. p. 168. 
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condensed in the condenser; it is thus removed from the 
sphere of action as formed, so that there is practically no 
reversal of the reaction. The distillate of crude ethyl 
acetate is freed from acetic acid by washing with dilute 
sodium carbonate solution, and thep from alcohol by 
washing with a saturated solution of calcium chloride, in 
. which the latter is soluble. These washings are effected 
in the* separating funnel ; ethyl acetate is fairly soluble in 
water but not in salt solutions, and being lighter than 
water, forms the upper layer in the separating funnel. The 
\vashed product is fitmlly dried over calcium chloride and 
purified by fractional distillation. It may be noted that its 
boiling point (78“) is lower than that of the acid from which 
it has been prepared ; as a rule, the boiling point of an ester 



PIG as. 


is about 120* lower than the sum of the boiling points of 
its constituents. (Ethyl alcohol boils at 78^.3, acetic acid 
at T i8“.) This relation is of value when an ester is expected 
as the product of a reaction. 

When the esterification is carried out in presence of 
hydrochloric acid, it is usual to pass the gas, previously 
dried by passing through a wash-bottle containing strong 
sulphuric acid, into a solution of the acid in the alcohol, 
the ester of which is to be prepared. The necessary 
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apparatus is shown m Fig. 24. The hydrogen chloride is 
best generated by dropping sulphuric acid from a tap- 
funnel, A, into concentrated hydrochloric acid in a strong 
flask, u. The flask containing the alcoholic solution of the 
acid is attached to a reflux condenser. In some cases the 
solution is completely saturated with hydrogen chloride, 
but generally it is sufficient to add about 3 per^. cent. * 



Fig. 24. 


of the dry gas, and then to boil the solution for some 
hours. 

The preparation of Ethylacetoacetate , — Ethyl acetate is 
converted into ethylacetoacetate by the action of metallic 
sodium or of sodium ethylate. The reaction is of wide 
applicability, and one which leads to many compounds of 
interest and importance.^ The method adopted for the 
preparation of ethylacetoacetate is typical of many re- 
actions in which either sodium alone or sodium dissolved 
in ethyl alcohol, as sodium^ ethylate, is employed to effect 
a combination between either two similar or dissimilar 
molecules. 

* Chap. viii. p. 179. 
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The relative quantities of the reagents necessary for the 

experiment are represented by the equation: — 

2CH3.COOC.jH,, + Na 
Ethyl acetate. 

- CHj-.CO.CH Na^COOCoH^. + + H 

Sodium ethylacetoacetate. 

• 

As already explained an intermediate compound takes 
part in the changfe, and the resultinj^ sodium derivative 
has the alternative structure to that given above. ^ 

Purified and dried '^ethyl acetate is treated with metallic 
sodium for the preparation. Whenever the metal is em- 
ployed in experiments of this kind it is a great advantage 
to have it in a finely divided form, either cut up into small 
pieces or pressed into wire. The cut or pressed sodium 
must be kept under some liquid to preserve it from contact 
with air, and the liquid must, of course, have no chemical 
<action upon the metal. Hydrocarbons such as petroleum — 
ether or benzene will serve this purpose, but anhydrous 
ether is usually employed. In order to obtain ether dry 
and free from, iilcohol, it is dried over calcium chloride, 
and then over sodium, being subsequently distilled from 
the latter. For the preparation the sodium is first weighed, 
then cut up, or pressed into wire, and kept in the anhydrous 
ether ready for use. For one atom-equivalent of the metal 
(23 grams) somewhat more than two molecule-equivalents 
of ethyl acetate (250 grams) are used, in accordance with 
the equation given above. The sodium is removed from 
the anhydrous ether, dried between folds of filter paper, 
and quickly introduced into a dry flask attached to an up- 
right condenser. The ethyl acetate is then poured down 
the condenser tube into the flask, when the reaction starts 
at once, the heat generated being sufficient to keep the 
ester boiling for a time. The reaction is completed by 
heating the flask on the water-bath for a few hours. The 
sodium passes completely into solution as a salt of ethyl- 
acetoacetate. The separation of the free ester from its 
salts is effected by the addition of an acid. All organic 
salts are decomposed by mineral acids, such as hydro- 
chloric or sulphuric, and these acids are commonly 

* Cy, Chap, viii, p. 186, 
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employed to liberate such orgfanic acids as acetic or 
benzoic from their salts, but they are not applicable in 
the case of the sodium salt of cthylacetoacetfite, because 
they would decompose the liberated esterJ Dilute acetic 
acid is, therefore used, the product of the reaction being 
treated with the acid until the salt is completely decom- 
posed; this stage is indicated by the solution becoming 
acid, and is tested for with litmus paper (the ester ilself 
has weak acid properties, but is scarcely strong enough 
to affect litmus paper). The products in this acid solu- 
tion consist of the ethyl acetoacetate, unchanged ethyl 
acetate, and sodium acetate formed by the neutralisation 
of the original salt. The two former can be separated 
from this solution in the separating funnel after the addi- 
tion of a saturated solution of brine, which decreases 
their solubility in water, and then all that remains is 
to separate the unchanged ethyl acetate from the ethyl- 
acetoacetate. This is readily effected by fractional distilla- 
tion ; the ethyl acetate distils over first. Ethylacetoacetate 
is decomposed upon distillation at the ordinary pressure, 
and must consequently be distilled under reduced pressure. 
The details of this method have already-been described. ^ 
The purified product is a liquid with a pleasant ethereal 
smell, boiling at 79" under 18 mm. pressure. 

The use of Metallic Compounds in the Synthetical pre^ 
paratiofi of Organic Compounds, — Apart from the metallic 
salts of organic acids, a number of organic compounds are 
known which contain metals directly attached to alkyl 
radicals. These “ organo-metallic compounds, which 
were investigated by Frankland in the middle of last 
century, played an important part in building up the theory 
of valency ; more recently they have been found to be of 
great value for the synthetical preparation of organic 
compounds. The alkyl derivatives of zinc and of mag- 
nesium are the most important for this purpose; the 
former were prepared and investigated by Frankland 
(1849), whilst the applications of the latter have only 
been studied during the past few years. The use of 
carbides, such as calcium carbide, for the production of 
hydrocarbons has already been dealt with.® 

Zinc Compounds. — The organic derivatives of zinc, such 

' Cf, Chap, ix. p. 180. * Chap. vi. p. 88. ^ Chap. iv. p. 51. 
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as zinc methyl and zinc ethyl, correspond to the chloride 
of the metal in which the halog^en is replaced by an alkyl 
jrroup, e.g. 

XI XH.. XJl, 

Zn< Zn< Zn< 

\C1. \CH,, XaH,. 

•» Zinc chloriHc. Zinc methyl. Zinc ethyl. 

They are obtained by the action of metallic zinc upon the 
, alkyl iodides, such as ethyl iodide, and form volatile liquids 
which are spontaneowsly inflammable in air; for this 
reason they must be prepared and kept in an atmosphere 
of an indifferent gas, such as carbon dioxide, and this same 
precaution is, of course, necessary in making u.se of them 
for the synthesis of other compounds. Their preparation 
and application is accordingly somewhat difficult, and for 
laboratory work they have now been replaced by the more 
easily manipulated organic compounds of magnesium. A 
few of the simpler syntheses that have been effected by 
means of the alkyl compounds of zinc may, however, be 
referred to, as illustrating the character of their decom- 
positions. They are very reactive compounds, and serve 
for the preparation of a great variety of hydrocarbons, 
alcohols, and ketones; in these syntheses one or both of 
the alkyl groups is introduced into the compound formed, 
whereby a knowledge of the structure pf the latter is 
obtained. 

For instance, when treated with water they are decom- 
posed at once with the formation of hydrocarbons; thus, 
zinc methyl and zinc ethyl give methane and ethane 
respectively: — 

/iCHg Hk 

Zn< • + = >0 « 2CH. + ZnO. 

NCHg 3 

Halogen compounds are similarly decomposed with the 
formation of higher hydrocarbons ; zinc methyl and ethyl 
iodide, for example, yield propane, thus proving that this 
hydrocarbon is methyl ethane^: — 


* Cf, Chap. ii. p. 26. 




252 


MOPERN ORGANIC CHEMISTRY. 



Zn + 


IQH,, 


2CHj,.C2Hr,+ ZnI... 
rropant*. 


An interesting application of this reaction is the synthesis 
of the beuzenoid hydrocarbon, cumene (isopropylbenzene),^ 
from zinc methyl and benzylidene chloride. Cumene is' 
closely related to cymene (methyl-isopropylbenzene), the 
mother hydrocarbon of the terpenes,^ and the proof of 
its structure obtained by this synthesis formed an im-* 
portant step in the determination of the constitution of 
these natural products. The main point to be decided 
was whether cumene contained a propyl or an isopropyl 
group; this synthesis proved the presence of the latter, 
as shown in the following equation : — 


/icr - /CH3 XH3 

C^^CH<(\ +2n< = CfiHg.CHcf +ZnCl 2 

Nci . -x:Hs \ch3 

Benzylidene chloride. Cumene 

(Isopropylbenzene). 

Magnesium Compounds . — By the action of magnesium 
on methyl iodide, or on iodobenzene, and other similar 
halogen derivatives of both aliphatic and cyclic hydro- 
carbons, compounds such as magnesium methyl iodide 
and magnesium phenyl iodide are obtained, which are 
characterised as being extremely reactive and readily 
soluble in ether; — 

✓CH3 yCgHg 

Mg< Mg^ 

Magnesium methyl iodide. Magnesium phenyl iodide. 

This solubility and the ease with which they can be 
prepared has rendered these alkyl and aryl magnesium 
derivatives specially applicable for the synthetical pre- 
paration of organic 'compounds, and since their discovery 


’ Cft Chap. vii. p. 120. 



LABORATORY METHODS OF ORGANIC CHEMISTRY. 253 

by Grignard in 1900 they have been successfully employed 
in the synthesis and investigation of quite an extraordinary 
number of substances. The reactions occur most readily 

presence of ether and certain other solvents, which 
appear to form definite compounds with the organic mag- 
nesium compounds; in the case of magnesium methyl 
iodide, for instance, the compound with ether most 
probably contains a quadrivalent oxygen atom, to which 
the two alkyl radicals of the ether, as well as the 
magnesium alky] iodide, are attached. Such compounds 
^re called oxonium compounds^ from their structural 
analogy to ammonium "salts. 

C,H,. ^Mg.CH., 

CjH/ \l. 

Diethyl oxonium magnesium methyl iodide. 

The alkyl compounds of magnesium have been largely 
used for the synthetical preparation of hydrocarbons, 
alcohols, phenols, aldehydes, ketones, and acids; they 
also serve for the differentiation of amines and for the 
recognition of the hydroxyl group. ^ As in the case of 
the zinc alkyl compounds, the syntheses thus effected 
are of direct value for deciding the structure of the 
resulting compounds. The preparation of benzoic acid 
from iodobenzene furnishes a typical example of the 
laboratory method adopted for carrying out the Grignard 
reaction. 

The preparation of Benzoic acid by the Grignard Reaction. 
— The necessary quantity of magnesium ribbon, previously 
cleaned by rubbing with emery paper and cut into short 
lengths, is placed in a flask connected with an upright 
condenser (Fig. 12, p. 234), and a mixture of iodobenzene 
and carefully dried ether added; a small crystal of iodine 
is added to facilitate the reaction. It is essential to have 
the ether perfectly dry, as otherwise the magnesium alkyl 
iodide would be decomposed with the formation of benzene, 

^ Cf Ch^. X. p. 203 . 

Cf, “Tfle Grignard Reaction,’* a monograph by A. McKenzie* 
British, Association Reports^ Z907f P* ^73* 
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on similar tines to the production of ethane from zinc 
ethyl; the removal of the contained water is effected as 
described under the preparation of ethylacetoacetate 

(p. 249). The mixture is gently warmed on the water-- 
bath until the ether b^ns to boil ; at this temperature the 
magnesium soon begins to act on the iodobenzene, and 
the heat evolved in the reaction is sufficient to keep the . 
ether boiling, so that the ffask is removed from the water- 
bath at this stage to prevent the liquid from boiling too 
vigorously. When the reaction slackens, a little further 
heating is necessary to complete the formation of the ^ 
magnesium phenyl iodide, which remains dissolved in the 
ether. The ethereal solution thus obtained is then ready 
for the specific decomposition required. For the prepara- 
tion of benzoic acid the ffask is placed in ice-cold water, 
and a current of carbon dioxide, generated from a Kipp 
generator (Fig. 27, p. 268) and dried by washing with con- 
centrated sulphuric acid, is passed into the solution; it is 
necessary to keep the temperature low, so as to prevent the 
volatisation of the ether. The solution gradually separates 
into two layers as the reaction proceeds, owing to the forma- 
tion of a magnesium derivative of benzoic acid, which is 
insoluble in ether. When the separation appears to be 
complete, the whole is acidified with dilute hydrochloric 
acid to liberate the benzoic acid from its magnesium com- 
pound; a precipitate of impure benzoic acid is thus 
obtained, which is purified by dissolving it in alkali, 
re-precipitating with acid and crystallising from water. 
The reaction takes plac^ in two stages, as represented in 
the following equations; an intermediate compound, 
benzoic magnesium iodide, is first formed, which is de- 
composed on acidifying with dilute acid, yielding benzoic 
acid: — 



+ CO, 


Magnesium phenyl iucUde. 



COQHb 


Benzoic magnesium iodidci 


yO.COQH,, 

aMg/ + H^O = 2CeHoCOOH + MgO + Mgl.^. 

n Benzoic acid. 
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II. Methods for ascertaining the Chemical Nature of 
Organic Cotnpounds% 

Specific qualitative reactions, such as are employed in in- 
organic analysis, find their equivalent in organic chemistry 
in the determination of the physical constants of com- 
• pounds as pointed out in a previous chapter (Chap. VI.). 
A few* specific reactions are employed for the recognition, 
of the more commonly occurring substances, but the more 
^important issue in the investigation of organic compounds 
is to ascertain their chemical nature. Aniline, for instance, 
gives a violet coloration with bleach solution; this is a 
specific test. When warmed with chloroform and alcoholic 
potash the formation of a compound having an extremely 
disagreeable smell (phenyl isocyanide) indicates the pre- 
sence of aniline, but the test applies to all primary 
amines. This is, therefore, a test for the amino-group, 
but not for any individual amine. Since all organic com- 
pounds may be regarded as derived from the hydrocarbons 
by the replacement of hydrogen atoms by certain atoms or 
groups, the recognition of the latter serves as an im- 
portant means for ascertaining the chemical nature of 
compounds. A few simple instances will suffice to indicate 
the method of experiment adopted. 

Acids , — The most characteristic property of acids is 
the formation of salts with bases. ^ Sodium and potassium 
salts are nearly always readily soluble in water, silver 
salts insoluble or sparingly soluble. The free acids vary 
greatly in solubility ; the lower aliphatic acids are readily 
soluble, aromatic acids, such as benzoic acid, only sparingly 
soluble. These properties serve for the recognition of a 
substance as an acid. Benzoic acid, for example, though 
difficultly soluble in water is readily soluble in dilute alkali 
owing to the formation of its sodium salt, and it is re- 
precipitated from the alkaline solution by the addition of 
a mineral acid, such as hydrochloric acid. Acetic acid 
loses its distinctive smell on addition of alkali, and if the 
neutral solution be treated with silver nitrate solution a 
difficultly soluble silver salt is formed ; from this the free 
acid can be liberated and identified, or the salt can be. 

' C/\ Chap. viii. p. 144. 
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dried and then ignited in a porcelain crucible, when the 
weight of residual metallic silver will allow of the calcu- 
lation of the percentage of silver in the salt, and thus of 
the identification of the original acid. The sodium and^ 
potassium salts of organic acids, although readily soluble 
in water, are usually insoluble in ether, benzene, chloro- 
form, and similar solvents, and advantage is taken of this 
in extracting acids from solutions or in separating,,lhem 
from other compounds. If, for instance, such a solution 
be made alkaline with sodium hydroxide, and then extracted 
with ether in a separating funnel, the sodium salt of the < 
acid will remain in the alkaline solution, whilst other com- 
pounds present, such as bases or hydrocarbons, will be 
dissolved by the ether and thus separated. On acidifying 
the residual alkaline solution the free acid will be liberated, 
and can then be extracted with a suitable solvent, or, if it 
be a sparingly soluble solid, it can be filtered off. 



When distilled with lime or with soda-lime (a mixture 
of equal parts of sodium hydroxide and powdered lime), 
acids lose the carboxyl group and form the corresponding 
mother hydrocarbon*, the liberated carbon dioxide being 
held back as carbonate by the soda-lime.^ Thus, benzoic 
acid forms benzene, according to the equation: — 

CeHft. COO H * + CO., 

Bcn2oic acid. Benzene. 

If other substituents, in addition to carboxyl, are present 
in the compound, these are, as a rule, unaffected by the 
1 Cf, Chap. viii. p. 134, 
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reaction, and substituted hydrocarbons result. The re- 
action is accordingfly of value in studying’ the genetic 
relations of acids and in questions of orientation. To 
carry it out experimentally, the acid is mixed with about 
four times its weig^ht of soda-lime and heated in a hard- 
glass retort over the free flame; the retort is attached to 
a condenser, as shown in Fig. 25, if the hydrocarbon or 
othei* decomposition product be a liquid, or if a gas, to a 
suitable gas-collecting apparatus. The distillation pro- 
duct can then be isolated by extraction with ether and 
subsequent fractionation, after washing and drying the 
ethereal solution andMistilling off the solvent on the water- 
bath. 

Bases . — The formation of salts with acids is the most 
characteristic property of bases. ^ If a few drops of aniline 
are placed in a test tube and shaken up with water, a little 
of the aniline dissolves, but the greater portion remains 
suspended in the form of oily drops. On the addition of 
hydrochloric acid the oil disappears and a homogeneous 
liquid results, owing to the formation of aniline hydro- 
chloride which, like ammonium chloride, is readily soluble 
in water: — 

NHy. HCl. Ammonium chloride. 

CjjHr.NH,,. HCl. Aniline hydrochloride or Phenyl 

On the addition of alkali to the solution of the hydro- 
chloride the aniline is precipitated out again as an oil, and 
from this alkaline solution it can be easily extracted with 
ether. The salts of bases, like those of acids, are insoluble 
in ether and similar solvents, and bases can thus be held 
back by acids, just as acids are by bases. In this way, 
they can be separated from acids as well as from neutral 
compounds, such as hydrocarbons, esters, ketones, etc. 
For instance, to separate a mixture of aniline, phenol, 
and benzyl alcohol, the .most suitable procedure would 
be to dissolve the mixture in ether and shake with dilute 
hydrochloric acid, which would convert the aniline to its 
hydrochloride. The aniline could be recovered by 
separating the two liquids and adding alkali to the 
aqueous solution. The ethereal solution should then be 

^ CJ. Chap. X. p. 200. 
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shaken with sodium hydroxide solution, which would 
extract the phenol in the form of its sodium salt. 
On separating and acidifying the aqueous solution the 
phenol would be recovered. The benzyl alcohol would ^ 
remain 'in the ethereal solution and could be isolated by 
evaporating off the ether. 

The hydrochlorides of bases are usually readily soluble in 
water; sparingly soluble salts are preferable for the isolation 
of a base, especially if the quantity be small, after the basic 
nature of the compound has been indicated by such tests 
as the above. The salts formed with chloroplatinic acid 
are nearly always sparingly soluble, and have the advantage 
that they can be readily analysed, since upon ignition a 
residue of metallic platinum is left. The percentage of this 
metal in the salt can thus be ascertained. To obtain these 
salts, the base is dissolved in a few drops of hydrochloric 
acid and a clear solution of chloroplatinic acid (platinum 
chloride) added. The chloroplatinates generally separate 
at once in a crystalline form and can be purified by 
recrystallisation; they vary in colour from pale yellow 
to orange. Their composition is analogous to that of the 
ammonium chloroplatinate ; — 

HgPtClg. Chloroplatinic acid. 

(NH3.HCl)2PtCl4 or (NH^X^PtCl,, 

Ammonium chloroplatinate. 

{C«H,.NH.,.HCl)2PtCl* or {C,,H,NH,),PtCl« 

a.niline or Phenyhammoniuin chloroplatinate. 

In the study of basic compounds it is important to 
differentiate between primary, secondary, and tertiary 
amines — />., those containing the NHg radical, the NH 
radical, and a nitrogen atom to which no replaceable 
hydrogen is attached, respectively. Several Methods are 
available for this purpose, of which the simplest is to allow 
the amine to react with nitrous acid, by adding sodium nitrite 
to a solution of the amine in hydrochloric acid. Primary 
aliphatic amines react readily with nitrous acid, evolving 
nitrogen and forming alcohols according to the equation : — 

CH3NH2 + HNOg = CH3OH + Ng + H^O 
Methylamine. Methyl alcohol. 
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Secondary amines form nitroso-compounds, thus: — 

{CHgV^NH + HNO.^ - (CHgV^N.NO + H.p 

^ Dimethylamlne. Nitroso-dinielliylamine. 

The products thus obtained can be easily distinguished 
and identified by their chemical and physical properties. 
Tertiary aliphatic amines are unacted upon by nitrous acid. 

In the aromatic scries the reactions are somewhat 
different. Primary aromatic amines give rise to diazo-* 
compounds at low temperatures, and these give nitrogen 
•and phenols on warming, as previously described. ^ The 
diazo-compounds cam be readily recognised by their con- 
version into various azo-colours, and the phenols ultimately 
formed can also be easily identified. Secondary aromatic 
amines give nitroso-compounds like the corresponding 
aliphatic compounds. Some tertiary aromatic amines differ 
from the tertiary aliphatic amines in their behaviour to- 
wards nitrous acid; they give intensely coloured nitroso- 
compounds, in which the nitroso-group is attached to the 
benzene ring, e,g , : — 

C,H,.N(CH,), + HNO2 - NO.C,Il4.N(CH3), + H^O. 

Dimethylaniline. /.-Nitroso-dimethylaniline. 

Further, all primary and secondary amines react with 
acetyl chloride to form acetyl derivatives, such as acetani- 
lide, which can be readily purified, as described above 
(p. 239), and identified by their melting point; tertiary 
amines, on the other hand, are unacted on. Numerous 
other reactions are characteristic of bases, and serve to 
distinguish the different classes from one another. 

Ethereal Salts . — Ethereal salts, such as ethyl acetate, 
are compounds formed, as already stated, from an acid 
and an alaphol, and these constituents are regenerated 
on saponiffibation.^ This decomposition is a ready means 
for recognising the chemical nature of such a substance; 
in the case of ethyl acetate the following equation represents 
the change : — 

CH3.COOC2H5 + KOH = CH3.COOK 4 - C,H,OH. 

Ethyl acetate. Potassium acetate. Ethyl alcohol. 


' Cf. Chap. X. p. 206. 


^ Cf. Chap. ix. p, 169. 
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The alcohol is liberated, whilst the acid remains com- 
bined as a potassium salt. To effect the decomposition 
the ester is heated in a flask, attached to an upright 
condenser (h"ig. 12, p. 234), with an excess of polassiunv- 
hydroxide for an hour or two; the condenser is then 
reversed (l'"ig. 13, p- 235) and the alcohol distilled off, either 
from the water-bath or over the free flame, according to , 
its volatility. It is often convenient to separa^ the 
‘alcohol in the distillate, from the water, by adding solid 
potassium carbonate. To liberate the acid from the salt 
that remains behind after the distillation, a mineral acid 
must be added, as explained above ; the organic acid can 
then be distilled off, if volatile, or, if not, separated by other 
suitable means. Most esters are liquids, insoluble as a 
rule in water and volatile without decomposition; in 
addition, they have generally a pleasant ethereal smell. 
Such properties indicate the possibility of a compound 
being an ester, but these characteristics arc common to 
many other compounds. The saponification of the com- 
pound is, on the other hand, a satisfactory proof of the 
chemical nature of the substance, provided, of course, the 
products of decomposition prove to be an alcohol and 
acid. The identification of these compounds will establish 
the structure of the ester; if they are new compounds, 
they in their turn must be further investigated — the acid 
converted into its hydrocarbon, say, and the alcohol, by 
oxidation, into its acid. 

Aldehydes and Ketones . — The carbonyl group, CO, which 
is the characteristic radical of both aldehydes and ketones,^ 
gives many well-defined reactions which are of value for 
their recognition and identification. When admixed with 
other organic compounds, aldehydes and the simpler 
ketones can frequently be extracted and isolated by the 
aid of the compounds they form with acid sodium sulphite. 
These compounds are soluble in water, and by shaking the 
mixture with a solution of acid sodium sulphite the 
aldehydes and ketones pass into the aqueous solution, and 
can thus be separated from the other constituents of the 
mixture; to recover them, the solution is neutralised with 
alkali and the carbonyl compound removed by distillation 
or extraction. 


' Cf . Chap. viii. p. 129. 
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The most typical reactions of the carbonyl compounds 
are the formation of oximes and phenyl-hydrazones. 
Acetone, for instance, acts as follows towards hydroxyl- 
amine and phenyl hydrazine respectively: — 


CH3.CO.CH3 + NH2.OH = CH3C(:NOIi).CH3+HaO. 
llydroxylaminc. Acetoxime. 

CH3*CO.CH3+C,H5NH.NHa=CHj.C(;N.NHCoH5).CH3+HaO . 

Phenyl hydrazine. Acetone phenyl hydrazonc. 

* In practice, the latter of these reactions is generally used 
for the identification of aldehydes and ketones, as the 
resulting compounds crystallise well and are readily 
purified. A mixture of equal volumes of pure phenyl 
hydrazine and fifty per cent, acetic acid is used for the 
reaction. If this be brought in contact with bcnzaldehyde, 
for example, a fiocculent precipitate at once appears, 
consisting of benzaldehyde phenyl-hydrazone : — 

QHo.CHO + QH^NH.NH, - CoH^,.CH:N.NHCoHi,+ H^O 

Bcnzaldehyde phenyl-hydrazone. 

The compound is purified by recrystallisation, and 
identified by its melting point and other properties. 
Phenyl hydrazine has thus been of special service in 
the investigation of the sugars, which also contain the 
carbonyl group; in fact, without this reagent it would 
hardly have been possible to determine the structure of 
these compounds.^ 

Having ascertained the presence of the carbonyl group, 
the aldehydic or ketonic nature of a compound is usually 
determined by an examination of its oxidation products. 
Aldehydes readily yield carboxylic acids, which contain 
the same number of carbon atoms as the aldehyde, as 
represented by the general equation: — 

R.CHO + O = R.COOII 

Hence, owing to the ease with which they are oxidised, 
they readily reduce silver salts and certiiin other re- 
agents. Ketones, on the other hand, are not so readily 

^ Cf, Chap. xiii. p. 331. 
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oxidised; they do not reduce the noble metals, and if 
subjected to the action of vigorous oxidising agents they 
decompose and yield carboxylic acids containing fewer 
carbon atoms. 

Specific reactions for other groups are thoroughly 
worked out, and are continually applied in laboratory 
work. Amides, sulphonic acids, ethers, phenols, and hydro- • 
carbons all give certain general reactions which* show 
typical variations amongst aliphatic, as compared with 
cyclic compounds. Further, these general reactions^ 
are often affected by the presence of other substituting 
groups, and such mutual influences have always to be 
considered. 


III. Oxidation and Reduction. 

The processes of oxidation and reduction are of great 
practical value in the study of the mutual relations and 
structure of compounds ; also, they have many important 
technical applications. 

Oxidation . — Organic compounds, according to their 
nature, react very differently towards oxidising agents, 
and in addition, the products formed vary with the nature 
of the oxidising agent employed. When, for instance, the 
divalent alcohol, glycol, is oxidised by nitric acid, oxalic 
acid is one of the chief products, but with milder oxidising 
substances intermediate products in the oxidation, such as 
glycollic acid, can be isolated: — 

CHgOH CH2OH COOH 

CH2OH COOH COOH. 

Glycol. Glycollic acid. Oxalic acid. 

The chief oxidising agents used are nitric acid, potas- 
sium permanganate, sodium or potassium* bichromate, 
chromic acid, manganese peroxide and hydrogen peroxide. 
Alcohols, aldehydes, ketones, aromatic hydrocarbons and 
bases all undergo specific reactions when oxidised; the 
conditions of reaction and the proportion of the oxidising 
agent employed are regulated according to data ascertained 
from experiment. All primary alcohols form aldehydes 



LABORATORY METHODS OF ORGANIC CHEMISTRY. 263 

upon mild oxidation; ethyl alcohol, for example, yields 

acetaldehyde, according to the equation: — 

CHa.CH.OH + O CH3.CHO + H2O 

Ethyl alcohol. Acetaldehyde. 

This characteristic oxidation is conducted in the apparatus 
shovyn in Fig, 26. The oxidising agent used is chromic 
acid, •but instead of employing the free acid a mixture of 
sodium bichromate and sulphuric acid is preferred, which 
allows of the better regulation of the reaction. Dilute 
sulphuric acid is placed in the flask a; this is heated till 
it just begins to iJoil, and then a mixture of sodium 
bichromate dissolved in water and alcohol, in suitable 



proportions, is added gradually through the tap-funnel b. 
It is not necessary to continue the heating during this 
addition, as the heat evolved in the reaction is sufficient 
to keep the mixture boiling; that an oxidation is eflfectcd 
is at once shown by the change in colour of the yellow 
bichromate solution to the green of a chromium .salt. 
The bichromate is reduced, and the alcohol oxidised by the 
liberated oxygen. The aldehyde distils over as it is 
formed, together with some unchanged alcohol; since 
aldehyde boils at 21 '*, special cooling is required for its 
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condensation. The receiver attached to the condenser is, 
therefore, placed in a freezing-mixture of ice and salt. 
When all the alcohol has been added, the oxidation 
may be completed by further heating, and if, on the addi- 
tion of, more bichromate, the colour of the latter remains 
persistent, it is a sign that the reaction is finished. The 
distillate then to be purified, and in the case of acetal- 
dehyde it is best, on account of its low boiling poiqt, to 
convert it into aldehyde-ammonia. Aldehyde-ammonia is 
a crystalline compound, and the aldehyde can easily be 
regenerated from it, and thus obtained pure. 

An example of a more complete oxidation is the con- 
version of the side chain of an aromatic hydrocarbon to 
the carboxylic acid group. The oxidation of toluene to 
benzoic acid is, for instance, represented by the equation: — 

+ - QH,.COOH + Hp 

Toluene. Benzoic acid. 


If several side chains are present, either all or a portion 
of them may be thus oxidised, according to the reagent 
used. Thus, on boiling with dilute nitric acid (a com- 
paratively mild oxidising agent), xylene is converted to 
toluic acid: — 

/JH3 XH, 

(V.n/ . +30 = (:,H / +H.p 

Vila \C00H 

Xylene. Toluic acid. 


Chromic acid and potassium permanganate act more 
vigorously, and generally oxidise all the side chains present 
to carboxyl groups; both xylene and toluic acid, for 
instance, give the dibasic acid, phthalic acid: — 




.COOH 


C,H/ +60 +211,0 

x;ii, coon 

Xylene. iMubalir aci«l. 


/CH, 

Njooh 

Toluic acid. 


/ 


(X)Oll 


+ 30 = C„H/ ^ H,0 

''COOU 

Phthalic acid. 
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As an example of the action of potassium permanganate, 
the conversion of ^.toluic acid to ^.phihalic acid may be 
taken. The toluic acid is dissolved in sodium hydroxide, 
the solution warmed on the water-bath, and a solution of 
potassium permanganate gradually added. The red colour 
of the permanganate disappears at first, indicating that an 
oxidation is being etfected, and the addition is continued 
until the colour persists in the oxidised solution, which 
shows that the oxidation is complete. The permanganate, 
which is a derivative of the highest oxide of manganese, 
Mn 207 , is itself reduced to manganese dioxide, MnOo, 
which separates out ^is a hydrate, and must be filtered 
off. The alkaline filtrate containing the sodium phthalate 
is then acidified with hydrochloric acid, when the free 
phthalic acid separates out completely on cooling, and 
can be purified by recrystallisation. 

Other oxidation processes are conducted on similar 
lines, with such changes in the method as are necessitated 
by the nature of the oxidising agent employed, and of 
the substance oxidised. The product of oxidation is 
isolated by extraction, crystallisation, or other suitable 
process, according to its nature. In many cases more 
than one product can result by the oxidation, and the 
restriction of the reaction to the formation of one com- 
pound only is then effected, either by a suitable selection of 
the oxidising agent, or by specific conditions of the re- 
action, which must be determined by direct experiment. 

Reduction . — Reduction processes are the reverse of 
oxidation processes, but many reduction products can be 
obtained which cannot be converted into the original 
compounds by direct oxidation. 

Nascent hydrogen, generated from a metal such as iron, 
tin, or zinc, and a mineral acid, is one of the most useful 
reducing agents. Sodium, sodium amalgam and readily 
oxidisable compounds such as hydriodic acid, sulphuretted 
hydrogen and ferrous sulphate are also used, and in some 
cases hydrogen gas in presence of finely divided nickel. 
As in the case of oxidising agents these reagents differ 
in their action, especially in regard to the degree of re- 
duction that can be effected. Acetaldehyde can be reduced 
to ethyl alcohol by zinc and hydrochloric acid, but to ob- 
tain ethane from the alcohol, hydriodic acid is necessary. 
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Unsaturated hydrocarbons and their derivatives form 
saturated compounds on reduction, alcohols form hydro- 
carbons, ketones form alcohols and other intermediate 
compounds, nitro-compounds and nitriles yield amines. — 
In alt these cases the reduction products give indications 
of the chemical nature of the original compound; in 
addition they include many substances of technical im- 
portance, amongst which the aromatic amines which are 
employed in the preparation of most of the aniline colours 
stand foremost. As a typical reaction of this class the 
preparation of aniline itself from nitrobenzene will serv(? 
to illustrate the laboratory method adopted. 

The hydrocarbons obtained from coal tar are the start- 
ing point for the preparation of the amines employed in 
the colour industry. These are first converted into nitro- 
compounds by the action of nitric acid and then reduced.^ 
The nitration of benzene takes place according to the 
equation : — 

QH, + NOo.OH = Q.H,.NO^ + 11,0 

Nitrobenzene. 

The hydroxyl group of the nitric acid unites with an atom 
of hydrogen from the benzene ring to form water, and 
although it is quite easy to effect this reaction without 
any dehydrating agent, it is extremely difficult to complete 
it, because the separated water dilutes the nitric acid, and 
thus inhibits the nitration. An increase of temperature 
favours the completion of the change, but then the nitra- 
tion usually proceeds too far, with the result that di-nitro- 
compounds and other more highly nitrated substances 
result. To avoid this, and at the same time to complete 
the formation of the mono-nitrobenzene, a mixture of con- 
centrated sulphuric acid and nitric acid is employed; the 
former absorbs the water separated, and by thus prevent- 
ing the dilution of the nitric acid, allows the reaction to 
be regulated. 

Many reducing agents arc available for converting 
nitrobenzene into aniline. In the laboratory, tin and 
hydrochloric acid are used; on the large scale, iron and 
hydrochloric acid. The nitrobenzene is placed in a large 


^ Cf. Chap. X. pp. 194 and 216. 
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flask, together with the necessary quantity of tin, and 
hydrochloric acid is added gradually. A fairly violent 
reaction sets in, which necessitates the cooling of the flask; 
when the whole of the acid has been added, the reduction 
is completed by gently warming the contents of the flask 
on the water-bath. In order to liberate the aniline from 
the acid solution in which it is dissolved as a salt, an 
excess of sodium hydroxide is added and the free base / 
distilled from the solution by means of steam. The aniline^ 
Js then extracted from the distillate with ether, the ethereal 
solution dried over potassium hydroxide and the residue, 
after distilling off th'fe ether, purified by fractional distil- 
lation. This method of procedure holds for all amines. 
The reduction is represented by the equation ; — 

2QH5.NO2 + 3 Sn + 12 HC 1 . 

- 2 CeH 5 .NH 2 + SSnCl^ + 4H2O. 

This process if applied to a di-nitrobenzene, C(.H4(NOg)2, 
would reduce the two iiitro-groups at once to form a 
di-aminobenzene. With milder reducing agents, such as 
sulphuretted hydrogen in alkaline solution, the reduction 
can be restricted to one nitro-group and an intermediate 
product, nitro-aminobenzene (nitraniline), obtained: — 




NO2 

NO., 


Di-nitrobenzene. 


/NH, 

c.h/ - 

^NO., 

Nitraniline. 


/NH., 

CoH/ 

^NHjj 

Di-aminoljenzene. 


Quite another class of reductions is effected by distilling 
oxygenated compounds over red-hot zinc dust. The 
apparatus employed is shown in Fig. 27. 

The substance to be reduced is placed at the upper end 
of a piece of hard-glass tubing. A, open at both ends, the 
rest of the tube being filled with zinc dust, which is best 
prepared by coating small pieces of pumice with moistened 
zinc dust and then drying them. The zinc dust adheres 
quite well to the pumice, and thus presents a large surface 
for the decomposition. The reduction is aided by con- 
ducting a current of dry hydrogen through the tube. This 
is obtained from the generator B, and is dried by strong 
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sulphuric acid in the wash-bottle, C. A suitable receiver 
is attached to the lower end of the tube. The tube, after 
being filled, is placed in a combustion furnace, as shown, 
and after the contained air has been completely removed 
by hydrogen, the layer of zinc dust is heated to a good red 
heat. The substance is next gently heated ; as its vapours 
(it must be a compound which distils without decompo-. 
sition) pass over the heated zinc, reduction takes •place, 



FIG. 27 

and the reduced product is collected in the receiver. 
Phenol is, in this way, reduced to its hydrocarbon benzene, 
according to the equation: — 

C^Hg.OH + Zn = QHo + ZnO. 

The method is important for obtaining the hydrocarbon 
corresponding to oxygenated compounds, especially in the 
aromatic group. It was thus that Graebe and Liebermann 
in 1868 recognised the hydrocarbon anthracene as the 
mother substance of alizarin, a discovery that soon led 
to the synthetical preparation of the latter from the hydro- 
carbon.^ 

IV. The application of Electrolysis to the preparation of 
Organic Compounds, 

An interesting synthesis of ethane was effected by Kolbe 
in 1849 pRs»ring an electric current through a solution 

* Cf Chap. XV. p. 427 . 
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of potassium acetate, and other aliphatic hydrocarbons 
were subsequently prepared in an analogous manner. 

With the development of the knowledge of electrolysis, 
methods for the electrolytic preparation of organic com- 
pounds have been considerably extended; these dilTer both 
in their character and, to some degree, in their applications 
from other laboratory methods, and form an important 
addition to the processes employed in practical organic J 
chemistry. f 

The Theory of Electrolytic Dissociatioji , — Since the pub- 
Mication by Arrhenius in 1887 of his theory of electrolytic 
dissociation a great impetus has been given to the 
study of all problems connected with electrolysis. The 
theory has had a remarkable and wide-reaching influ- 
ence throughout the whole domain of chemistry, and its 
services have been successfully applied to elucidate the 
most varied problems of the science, from qualitative 
analysis to animal and vegetjible metabolism. This 
marked applicability has rendered the theory generally 
acceptable to both chemists and physicists. The special 
study of the subject of electrolytic dissociation falls within 
that branch of the science now known as “Physical 
chemistry*’; it is quite beyond the scope of this book to 
consider even some of the more general applications of 
the ^ory, but an outline of its nature will be helpful 
proceeding to the consideration of the electrolytic 
preparation of organic compounds.^ 

There are two classes of conductors of electricity. 
Metals, alloys, carbon, and a few other substances con- 
stitute the one ^!lass ; these undergo no material change 
when electricity passes through them. They get hot 
during the passage of the current, and the conduction 
follow's the same laws as that of heat. Conductors of the 
second class are called electrolytes^ and consist of salts, 
either in solution or fused, and of solutions of bases 

^ An account of modern views of electrolysis and of the theory of electro- 
lytic dissociation will be found in the following books: — 

Elecirochemisiry^ K. A. Lehfeldt, 1904. 

Introdtution to Physical Chemistry^ J. Walker, 4lh edition, 1907. 

Theory of Solution^ W. Whclham, 1^2. 

The Theory of Electrolytic Dissociation and some of its Applications^ 
H. C. Jones, 1900. 
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and acids. The conduction of the current by electro- 
lytes is ii;;tvariably accompanied by chemical decomposition, 
the electricity flowing with the components of the electro- 
lyte, between two Oppositely charged metallic plates or 
. electro,tlcs, which convey the current to the solution. 
When, for instance, si solution of sodium chloride is 
electrolysed the sodium moves from the positive part of 
! the circuit to the negative, whilst the chlorine moyes in 
^*the opposite direction. Metals generally, and hydrogen 
behave like sodium^ and are consequently called electro- 
positive elements, whilst bromine, iodine, acid radicals^ 
and the hydroxyl group, which, like chlorine, move from 
the negative to the positive part of the circuit, are called 
electro-negative. On reaching the electrodes these com- 
ponents of the electrolyte, to which Faraday gave the 
name of give up their charge and either combine to 
form free molecules or undergo secondary decompositions. 
Thus, in the electrolysis of a sodium chloride solution, the 
liberated chlorine ions, which are in the atomic state, com- 
bine with each other to form free chlorine, Cl2» whilst free 
sodium is similarly formed, which, unless immediately 
removed, acts upon the water of the solution to form 
sodium hydroxide with the liberation of hydrogen. Com- 
plications may follow unless the initial products of electro- 
lysis are efficiently separated, and it is such separation 
that is essential for the success of the manufactuilv.j^ 
processes now in use for the preparation of chlorine and 
caustic soda by the electrolysis of common salt. 

According to the Arrhenius theory of electrolytic dis- 
sociation, the electric current can only be^onveyed by free 
ions, which in the above case are represented by free 
atoms of sodium and chlorine, and in the aqueous solutions 
of all electrolytes a greater or less proportion of the 
dissolved molecules are regarded as separated into their 
constituent ions, which exist in the solution independently 
of one another, and each of which is electrically charged. 
The passage of the electric current only gives direction to 
these charged ions; their separation from the original 
molecule occurs upon solution and is not Hue to work 
expended by the electric current, the resistance being due 
solely to the viscosity of the solvent, which impedes the 
progress of the ions towards the electrodes. 
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At first sight, the view that free sodium and free chlorine 
exist side by side in a solution of sodium chloride appears 
somewhat strange, especially in the light of older ideas on 
the nature and constitution of dissolved salts, arid also 
because such free atoms show none of the properties 
usually assigned to them. The free sodium does not 
decompose the water of the solution, nor is there any 
appareiat evidence of the presence of free chlorine. This 
absence of the usual chemical properties is attributed to 
the dissociated ions being electrically charged, and as long 
its they retain these charges their properties are entirely 
different to those of tlib free substances ; if the charges are 
given up, as occurs when the ions reach the electrodes 
during electrolysis, then the elements appear with their 
ordinary chemical ^characters. The nature and origin of 
these charges is al present not understood. 

Just as a solution of sodium chloride is regarded as 
containing the electro-positive ion sodium and the electro- 
negative ion chlorine, so arc other salts looked upon 
as dissociated in solution into constituent ions— sodium 
nitrate, for instance, into the metal and the acid ion, NOg, 
sodium sulphate into sodium and the electro-negative ion, 
SP^; a base, such as sodium hydroxide, is dissociated in 
solution into sodium and the electro-negative radical 
hydroxyl, an acid, such as hydrochloric, into electro-positive 
b^ytlivgen and electro-negative chlorine. This conception 
"^bf the condition of dissolved salts, acids, and bases will be 
rendered more evident by the representations: — 

+ — + — 

NaCl - Na i Cl NaOH - Na + OH 

NaNOg = Na + NOg HCl = H +C1 

In the case of a solution of potassium acetate the con- 
stituent ions of the dissociated molecule consist of the 
electro-positive metal and the electro-negative acid ion, 
called the acetic acid ion or acetion: — 

CHg-COOK = CHg.COO + K 

Pot^sium acetate. Acetic acid ion, or acetion. 

When an electric current is passed through the solution 
the potassium ion travels to th.e negative electrode, called 
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the cathode y where it ^ives up its chargfe, and unitingf with 
a second potassium ion forms free potassium ; this in 
presence of water, forms potassium hydroxide, and 
liberates hydrogen, the ordinary decomposition repre- 
sented by the equation: — 

K, f-2ILO - 2KOH-i lL. 

The electro-negfative ion, which travels to the opposite 
electrode, called the anodcy may act either upon itself or 
directly upon the water of the solution. In the former 
case either of the following decompositions may occur; — 

i. CTT,.COO CH, 

+ - 1 'f2CO.,. 

CH.^.COO CH., 

Acetic acid ion. Kihanc. 

ii. CH,.COO 

4- - CH,.COOCH., + CO. 

CHj,.CO() 

Methyl acetate. 

By reacting simply with the water of the solution, acetic 
acid is formed and oxygen liberated; — 

iii. CH 3 .COO IT 

+ >0 - 2CH3.COOH + U 

CH.J.COO n' 

The modern conceptions of electrolysis have indicated 
the conditions that determine one or other of these decom- 
positions. A dilute solution and a weak current favour 
the third decomposition, whilst when a concentrated 
solution of the acetate is used or when a strong current 
is employed, the first two decompositions are favoured. 
Either of the latter conditions will cause the acid ions to 
be more crowded together or concentrated, and thus give 
them greater opportunity of acting upon each other; a 
dilute solution or a weak current will, on the other hand, 
tend to cause a less concentrated separation of the acetic 
acid ions, and thus give greater opportUfaky for their 
reacting with the surrounding water. In the case of 
potassium or sodium acetate, ethane is the chief product 
formed under the conditions favourable for the first two 
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decompositions; in the case of salts of other organic acids 
the extent to which one or other of these two decomposi- 
tions obtains depends upon the nature of the acld| whilst 
other changes, resulting in the formation of unsaturated 
hydrocarbons of the ethylene series, may also occur. 
There have been many applications of the electrolysis of 
^alts of organic acids to the preparation of hydrocarbons, 
of dibasic acids, ^ and of aldehydes.-* 

With the exception of the organic acids, bases, and their 
salts, most organic compounds are not electrolytes either 
in solution or when fused; hence, direct electrolytic methods 
have only a limited 'application for the preparation of 
organic compounds. 

The more interesting electrolytic methods of preparation 
are of an indirect character; they depend upon the utilisa- 
tion of the hydrogen or oxygen liberated by the electrolysis 
of an inorganic acid or base, such as sulphuric acid or 
sodium hydroxide, for the reduction or oxidation of organic 
compounds. In the electrolysis of sulphuric acid the 
liberated ions are hydrogen and the sulphuric acid ion 
HSO4; latter in presence of water liberates oxygen and 
forms sulphuric acid again. The ions of sodium hydroxide 
ar^ sodium and the electro-negative ion, hydroxyl; in pre- 
sence of water the sodium forms sodium hydroxide with 
liberatio.'* of hydrogen, whilst the hydroxyl ions, by their 
un*acation at the anode, liberate oxygen with the simul- 
taneous formation of water. These changes may be 
represented as follows; 

Sulphuric acid, i. 4H.^S04 2H.2 + 4HSO4. 

ii. 4HSO4 + 2H2O - 4 H,S 04 -f 0 ,. 

Sodium hydroxide, i. 4 NaOH = 2Na3 + 40 H 

ii. 2Na3 + 4 H 20 - 4 NaOH + 2H2. 

iii. 40 H - 2H2O + O3. 

In both cases hydrogen and oxygen arc liberated, whilst 
the original product, sulphuric acid or sodium hydroxide, 

^ C/. Crum Brown and Walker, /. Chtm, Soc, Abstracts^ 1891, p* I192; 
Annalen^ cclxxiv., 1893, 41. 

Cf, Wohl and Schweitzer, Berickte^ 1906, xxxix., 890. 

; 18 
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is continuously regenerated in the solution. By carrying 
out such electrolytic decompositions under suitable condi- 
tions ill presence of organic compounds, the liberated 
hydrogen or oxygen can be employed for their reduction 
or oxidation. 

The Electrolytic preparation of para~AminopheiwL — The 
reduction of nitrobenzene is an instructive example of this 
indirect electrolysis. With ordinary chemical inducing 
agents, such as tin and hydrochloric acid, nitrobenzene 
usually yields aniline,^ but when reduced by electrolytic 
hydrogen in sulphuric acid solution para-aminophenol 
HO.CeH4.NH.2 is formed.® This change when first dis- 
covered, appeared very abnormal ; it was explained by the 
suggestion that a phenyl derivative of hydroxylamine is 
first formed, which undergoes a molecular rearrangement 
with the formation of para-aminophenol. These changes 
are represented by the following equations: — 

NHyOH CoH^.NHOH. 

Hydroxylamime. Phenyl hydroxylamine. 

i. C0H5.NO2 + 2H2 = C0H5.NHOH + H2O. 

Nitrobenzene. 


ii. H.QH^.NH.OH 

T 

Phenyl hydroxylamine. 


HO.CgW^.NH^ 

Para-aminophenol. 


As in many other molecular rearrangements in the aro- 
matic group, a para-compound results from the change, a 
hydrogen atom and a hydroxyl group changing places as 
indicated by the dotted lines. 

At the time when this suggestion of the course of the 
reduction was put forward phenyl hydroxylamine was not 
known. It has since been prepared, and has been found 
to be very unstable in presence of strong sulphuric acid, 
being most readily changed to para-aminophenol; this 
confirmation of the correctness of the above explanation 
has been substantiated by subsequent electrolytic experi- 

^ C/. this chap., p. 266. 

* C^ttermann, Berichte^ 1893, 1844. 
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ments, which have proved that phenyl hydroxylamine is 
formed during the electrolytic reduction. 

The arrangement of the circuit for an electrolytic pre- 
paration such as that of aminophenol^ is shown in the 
following diagram (Fig. 28): — 



The electrolytic cell consists of a glass beaker, , inside 
which an ordinary porous earthenware cell, is placed; 
both Viie beaker and the porous cell are provided with 
platinum electrodes, c and made of platinum foil or 
gauze attached to pieces of platinum wire, which latter 
serve for connecting to the binding screws of the circuit, 
g and h. The electrode in the porous cell serves as the 
cathode, that in the beaker as the anode ; the*object of the 
porous cell is to keep the products of decomposition in the 
anode and cathode compartments apart, whilst still allowing 
the current to pass between the two poles. The current is 
supplied from the terminals of the battery, p and n ; the 
positive wire is taken through the ammeter, to the anode, 

^ Details of electrolytic methods for the preparation of organic com- 
pounds will be found in : — 

Electrolytic Preparations, Elbs., trans. by Hutton, 1903. 

Practical Methods of Electro-Chemistry, F. M. Perkin, 1905- 

** Die Electrochemisrhe Reduction organischer Nitrokdrper,” K. Brand, 
1908. Sammlung chem, u, chem.-technischer Vortrdge^ 
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and the negative wire through the resistance, to the 
cathode. The ammeter serves for the measurement of the 
current and the resistance for regulating it; a voltmeter, F, 
is inserted in a branch of the circuit to measure the electro- 
motive force between the electrodes of the cell. These 
measuring and regulating instruments are quite necessary 
for the success of electrolytic preparations, as the yield 
and, in some cases, the nature of the products^ formed 
depend upon the quantity and pressure of the electrical 
energy supplied. Secondary batteries are preferably used 
as the source of the electric current. 

To carry out the preparation, a solution of nitrobenzene 
in concentrated sulphuric acid is placed in the porous cell, 
and concentrated sulphuric acid, diluted with a little water, 
in the beaker. The whole is warmed to about 80®, and 
then electrolysed at this temperature with a current of 4 to 
6 amperes per 100 square centimetres of cathode surface, 
and an electromotive force of 7 to 8 volts. After the 
current has passed for a short time the contents of the 
inner cell begin to turn blue and to thicken, and after a 
while a crystalline magma of the sulphate of aminophenol 
separates. The decomposition is complete in from 12 to 
14 hours. To separate the product of the reaction, the 
crystalline sulphate is filtered off, washed, purified, and 
then converted into the free base. If the nitrobenzene be 
dissolved in a mixture of dilute sulphuric acid and ^cbl.ol 
instead of in the concentrated acid, aniline is obtained as 
the chief product of the reduction. This is because phenyl 
hydroxylamine is more stable in presence of dilute than of 
strong acids, and instead of undergoing the molecular 
change to aminophenol, it is further reduced to aniline. 

Electrolytic reduction has also been applied to the pre* 
paration of hydrides of the bases of the pyridine and 
quinoline groups, and with special success to the con- 
version of amides into amines, benzamide, for instance, 
being reduced to benzylamine^: — 

CeH^.CONHj + aHa - CeHg.CHgNHa+HaO 

Benzamide. Benzylamine.. ' 


^ Tafel and Baillie, Berichtt^ 1899, xxxii. 68; Tftfel, Berichitt 1900, 
xxxiii. 2209; Tafel and Stern, BiHchie^ 1907, xl. 2831. 
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Electrolytic oxidation processes, both in alkaline and in 
acid solution, have also been studied; in some few 
instances they have proved cither more advantageous 
than the ordinary methods of oxidation or have led to the 
formation of different products,^ but It is usually more 
difficult to stop the reaction at the right point than in the 
case of electrolytic reduction, 

' Cf, Elbs,/. Chm, Sot. Abstracts, 1S97, Ixxii. 332. A. 0 . and F. M. 
Perkin, /. Cbem. Sue., 1904, Ixxxt. 243; 1908, xciii. tt86. 11. D. Law, 
J. Chm, Sot., 1905, Ixxxvii. 198; 1906, Ixxxix. 1437. 
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STEREOCHEMISTRY. 

The limitations to the law of the linking of atoms, as previously 
considered — The optical activity of organic compounds— 
Pasteur’s investigations on the tartaric acids. 

Van’t Hoff and Le Bel’s theory of the asymmetric carbon atom. 

The tetrahedron symbol for the carbon atom . — The stereochemistry 
of the tartaric acids— Racemic combinations and their 
resolution into optically active compounds— The synthetical 
preparation of optically active compounds— Asymmetric 
synthesis. 

The geometrical isomerism of unsaturated compounds.^SitTeo- 
chemical considerations regarding the formation of cyclic 
compounds. 

Asymmetric optically active compounds of silicon^ tin^ sulphur^ and 
selenium. 

The stereochemistry of nitrogen , — ^Asymmetric optically active 
nitrogen compounds. 

The law of the linking of atoms marked a great advance 
in the knowledge of the structure of compounds, especiaill}^ 
in explaining isomeric relations previously incompre- 
hensible, such as that of the mixed ethers.^ But, as 
previously stated, other conditions of isomerism were 
observed which, although in no way opposed to the 
teachings of the above law, lacked explanation by its 
means. ^ These newer isomeric relations led to the study 
of the spatial arrangement of the atoms within the mole- 
cule, a subject to which the name Stereochemistry (from 
irrepeos, solid) was given by Victor Meyer in 1890; the 
development of this branch of chemistry will be dealt with 
in the present chapter.^ 

^ Cf. Chap. ii. p. 30. 

“ Chap, il p. 31. 

’ A full account of the subject is given in the following books 

StereockmUtry^ by A. W. Stewart, 1907. 

Lehrbuch dtr Stmochtmie^ A. Werner, 1904. 
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As long* ago as 1838 Biot^ observed that a solution of 
tartaric acid, in common with several other naturally 
occurring organic substances, possesses the power of 
deflecting the plane of polarisation of a plane-polarised 
beam of light, but that racemic acid, which has the same 
composition as tartaric acid, does not possess this optical 
property. Both acids are dibasic, and yield very char- 
acteristic salts, amongst them sodium-ammonium salts, of 
the composition C4H4(Na.NH4).Og. The salt of tartaric 
acid was found by Mitscherlich (1844) to be optically active 
♦ike the free acid, that of racemic acid to be similarly 
inactive, and he adda the following interesting remark in 
respect to the two salts: — “They have the same chemical 
composition, the same crystalline form with the same 
angles, the same specific gravity, the same double refrac- 
tion, and, therefore, their optical axes form the same angle. 
Their aqueous solutions show the same refraction. But 
the dissolved tartaric acid salt rotates the plane of 
polarisation and the racemic salt is indifferent. . , . But 
the nature and number of the atoms, their arrangement, 
and their distance from one another is the same in both 
cases.** 

Pasteur's investigations on the Tartaric Acids . — Such 
marked analogy without identity appeared inexplicable 
until Pasteur (1848) pointed out certain differences in the 
salts of tartaric and racemic acids which had escaped the 
notice of previous investigators. The crystals of potassium 
tartrate, although of the same form and system as those 
of potassium racemate, were shown by Pasteur to possess 
certain small faces, called hemihedral faces, which were 
absent in the racemates. Hemihedral faces are such as 
occur in only half their possible number, and two opposite 
hemihedral forms are possible with the class of crystals to 
which the tartrates belong. All tartrates and tartaric 
acid itself show this crystallographic difference from the 
racemates and racemic acid. Pasteur next discovered 
that when a solution of sodium-ammonium racemate is 
allowed to evaporate at a low temperature, the crystals 
that separate are not homogeneous, but consist of tw^o 
forms differing only in the position of the hemihedral faces. 
The one form was identical with the double salt derived 
’ Am. Chim. Phys.^ 1838, [2] Ixix., 27. 
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from tartaric acid ; the other had the hemihedral face on 
the opposite side of the crystal. This difference in 
crystalline form is shown in the following figures, in 
which tlie hemihedral faces are darkened: - 



By mechanically separating the two forms of crystals 
Pasteur found that their aqueous solutions were both 
optically active, and that they rotated the plane of polarised 
light to the same extent, but in opposite directions. When 
mixed in molecular proportions, an optically inactive 
solution resulted. Further, Pasteur prepared the free 
acids from the salts ; these again were optically opposite 
in solution, and one was identical in all respects with 
ordinary tartaric acid. 

Crystals having oppositely developed hemihedral faces 
are called enantiomorphs ; they cannot be superposed, but 
are related as an object to its reflection in a mirror, or as 
the right hand to the left, as seen in Fig. 29. Pasteur, 
after extending his study of the tartaric acids to other 
organic compounds, came to the conclusion that ** optically 
active carbon compounds possess the property of cryst- 
allising in enantiomorphous forms.” The resolution of 
racemic acid into the optical isomers and the recombina- 
tion of the latter to form an inactive combination are 
typical of many similar changes which have since been 
studied. The term, racemic modification^ is now generally 
used for the optically inactive isomer, which can be thus 
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decomposed, and the separated products are known as the 
dextro-rotatory and tcevo-rotatory modifications, according^ 
as they rotate the plane of polarised light to the right or 
to the left. Ordinary tartaric acid is dextro-rotatory ; also, 
its hemihedral faces are developed on the opposite side of 
the crystal to those of the laevo-rotatory acid. Pasteur com- 
pleted his investigations on this subject by the discovery 
’ that ^ fourth isomer of tartaric acid is formed when the 
dextro-rotatory acid is heated. This new compound, 
which is now called inactive or meso-tartaric acid^ differs 
•from racemic acid in its physical properties, and especially 
in the fact that, thbiigh inactive, it cannot be split up 
into two oppositely active forms. There are several 
methods known for decomposing inactive combinations, 
but none of them have availed in the case of meso-tartaric 
acid; nor are thc3»^ likely to, for, as will be seen, this 
inactivity is constitutionally different from that of racemic 
acid. 

Very many other naturally occurring substances are 
known which, like ordinary (dextro-rotatory) tartaric acid, 
can deflect the plane of polarised light when dissolved in 
water, whilst amongst inorganic compounds this property 
is restricted to crystalline solids, such as quartz, sodium 
chlorate, and sodium periodate. Both dextro-rotatory and 
laevo-rotatory crystals of sodium chlorate, for instance, 
are known, but when dissolved in water the solutions are 
inactive and in every respect identical. This fundamental 
difference between the optical activity of compounds has 
led to the development of stereochemistry. I The rotatory 
power of solids is frequently not a property of the individual 
molecules, but is due to a certain definite arrangement of 
a number of molecules in the crystalline aggregate, for as 
soon as the latter is disintegrated (e.^., by solution in 
water) the action on polarised light ceases. Since tartaric 
acid, on the other hand, is optically active in solution, this 
activity must be due to the individual molecules; an 
assumption of any molecular complexity in this state is 
entirely disproved by the fact that camphor and certain 
terpenes, which can be vaporised without decomposition, 
retain their optical activity unimpaired in the gaseous 
state. 

This view was most clearly expressed by Pasteur, who 
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in the following words anticipated with remarkable insight 
the present conception of the relative spatial structure, or 
as it is now termed configuration^ of the dextro- and laevo- 
tartaric acids: — “We know on the one hand that the 
molecular structures of the two tartaric acids are asym- 
metric, and on the other that they are rigorously the same, 
with the sole difference of showing asymmetry in opposite 
senses. Are the atoms of the right-acid grouped on the * 
spiral of a right-handed helix, or placed at the solid angles 
of an irregular tetrahedron, or disposed according to some 
particular asymmetric grouping or other? We cannot « 
answer these questions. But it cannot be a subject of 
doubt that there exists an arrangement of the atoms in an 
asymmetric order, having a non-superposablc image. It 
is not less certain that the atoms of the left-acid realise 
precisely the asymmetric grouping which is the inverse of 
this.”^ 

At this period structural chemistry was in its infancy, 
and no important advance in regard to the special char- 
acteristics and isomeric relations of optically active 
compounds is recorded until 1874, by which time great 
strides had been made in the knowledge of the constitution 
of organic compounds. Some years previously (1869)}. 
Wislicenus^ had observed the difference in physical pro- 
perties, including optical activity, of lactic acid prepared 
from meat extract and those of an isomer which he had 
prepared synthetically, two compounds which were abso- 
lutely identical in their chemical behaviour. He indeed 
suggested (1873) that this difference might be due to “ the 
different arrangement of their atoms in space,” but it was 
reserved for van't Hoff and Le Bel (1874) to enunciate, 
independently of each other, the theory of the asymmetric 
carbon atom, as the outcome of their studies on optically 
active organic compounds.^ 

Their theory rested primarily upon the observation that 

' **Recherches sur la dissymmetrie molt^ulaire dcs produits organiques 
naturels,” Paris, i860. Translation published as No. 14 of Alembic Club 
Refrints^ 1897. 

^ Btriehte^ 1869, ii. 620. 

* La Chimiedans respaee, J. H. van*l Hoff; Le Bel, BulL Soc. Chhn,^ 
1S74 [2] xxii. 337. Cf, also J. 11 . van’t lloflf, Dix attntes dans Chisioirt 
ePune thiorie^ 1087; Irans. by J. £. Marsh, Chtmisiry in Sfaee, 1891; 
and 7 %e Arrangement of Atoms in Sface^ trans. by A. Eiloarl 1898. 
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all compounds which rotate the plane of polarised light 
contain at least one carbon atom united to four different 
groups or elements, called an asymmetric carbon atom. 
An entirely new Held of thought was opened out by this 
work, inasmuch as it brought into consideration the 
relative spatial arrangement of the atoms in a molecule. 
Its object was to explain the isomerism of substances' 
which could not be accounted for by the law of the linking 
of afoms as hitherto conceived; this law had previously 
been restricted to two dimensions; van’t Hoff and Le Bel 
extended it to three dimensional space, and thus led up to 
spatial or stereochemical isomerism. 

The theory of the asymmetric carbon atom was first 
tested in isolated instances with substances which pos- 
sessed optical activity. Thus, several alcohols and acids 
and their derivatives, which contained one or more 
asymmetric carbon atoms, were shown to be optically 
active. With the development of stereochemistry the 
theory has been subjected to many severe and thorough 
tests, and the exact agreement between theory and 
experiment that has followed leaves no doubt as to 
the correctness of the views put forward by van*t Hoff 
and Le Bel. 

The Tetrahedron symbol for the Carbon atom , — The 
symmetry of the methane molecule, CH^, has already been 
considered ; also the fact that one mono-substitution pro- 
duct, indicated as the only possibility according to the law 
of the linking of atoms (e.g-., CHgCl), is the only one 
known. ^ But the graphic formulae previously given as an 
expression of this symmetry of methane are not in accord 
with |]acts when further substitution products of the hydro- 
carbon are considered. For instance, according to this 
formula two isomeric tpetbylene dichlorides, CH2CI2, would 
be possible: — 

H H 

I I 

H— C— Cl and Cl— C— Cl 

I I 

Cl H 

I. n. 

^ Chap. ii. p. 23. 
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In formula 1 . the chlorine atoms are next to each other, 
in 11 . they alternate with the hydrogen. This indication 
of such graphic formulae as expressing the law of the link- 
ing of atoms is entirely at variance with the experimental 
data concerning methylene dichloride and all similar di- 
substitution products of methane, for in each case only one 
compound of this type is known. 

It is accordingly concluded that such graphic forpiulae 
give an imperfect representation of the symmetrical dis- 
position of the four affinities of the carbon atom ; the 
symmetry is more complete than these formulse indicate. 
That graphic formulae were simply regarded as a plan or 
diagram of the arrangement of the atoms within a mole- 
cule, and not as a representation of the actual relative 
positions of the substituents, has already been stated. 
Still, these plane diagrams sufficed to explain the structural 
relations of molecules until the more refined isomerism of 
compounds which showed no differences in their chemical 
behaviour, such as that of the two lactic acids and of the 
tartaric acids, had been established. The molecules them- 
selves were certainly always regarded as occupying three 
dimensions, like all other matter, but no attempt to assign 
spatial relations to their constituent atoms appeared 
necessary. 

It was the limitations and shortcomings of such graphic 
formulae that led van’t Hoff and Le Bel to the conception 
of the tetrahedron as the best representation of the carbon 
atom affinities; Kekuld (1867) and Patern6^ (1869), inde- 
pendently, previously hinted the idea of representing the 
four affinities of the carbon atom by the directions of the 
axes of a tetrahedron. 

The proved symmetry of methane necessitated the choice 
of a regular geometrical solid ; the regular tetrahedron is 
the simplest and only possible form that can give full 
expression to this symmetry. The carbon atom itself is 
regarded as situated in the centre of the tetrahedron, its 
four affinities being directed towards the four solid angles. 
The formulae for marsh gas and methyl chloride, using the 
tetrahedron symbol, are given below; the real symmetry 
of the molecules is clearly evident: — 


' Cf. Chem. Ctnir,^ 1908, i. 615. 
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Methylene dichloride is equally symmetrical ; the two 
formulae I. and II. are really identical, for the figures 



IL 


Methylene dichloride. 


are superposable and have each a plane of symmetry. 
This symmetry holds for such compounds as CHCI3, 
CHBrCl^, CBrgCl.^, and, in fact, for all compounds in which 
any two of the carbon valencies in methane are satisfied 
by the same element or group. It ceases, however, as 
soon as there are four different elements or their equivalent 
in combination with the carbon atom. The carbon atom 
under these conditions is unsymmetrically or asymmetrically 
situated in regard to the four elements or radicals with 
which it is united ; it is this condition of combination, 
the presence of an asymmetric carbon atom, that van’t 
Hoff and Le Bel recognised in all optically active organic 
compounds. Supposie b and c represent the sub- 
stituting groups in a compound of the type Ca^bc^ then 
only one configuration of the molecule is possible, viz.: — 



5 


or, in outline, and 
omitting the synitiol 
for car^n : — 


a 
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But if one of these groups, a, be replaced by a new group 
dt then two different configurations will result according 
as the right or left hand group a is replaced, thus : — 



II. 


That these configurations are different and in no way 
superposabte is clear from the relative order of the sub- 
stituents bf Cy df as indicated by the dotted lines ; in I. 
they go counter-clockwise, in II. clockwise. No plane of 
symmetry exists ; the two systems are related as the right 
hand to the left — one is the mirror image of the other, 
like two enantiomorphous crystals. It is this stereochemical 
isomerism that is regarded as representing the relation of 
two oppositely active molecules, such as dextro- and Isevo- 
rotatory tartaric acid, the right-handed and left-handed helix 
of Pasteur. No difference in chemical behaviour would be 
expected from this stereochemical difference ; all observed 
differences amongst such isomers are restricted to physical 
properties, especially to the direction of the rotation of 
polarised light. No optically active compounds are known 
which do not contain an asymmetric atom or group of 
atoms ; this is the all-convincing proof of the correctness 
of the views of van’t Hoff and Le Bel, and as soon as the 
asymmetry of a molecule is destroyed by substitution, the 
optical activity is also removed. Thus, lactic acid has an 
asymmetric carbon atom, indicated below in thick type: — 


H 

CHj— OH 


ic 


:ooH. 

Lactic acid. 


H 

CHj -C— H 
COOH. 

Piopionie acid. 


H 

CH,— C— CHg 

iooH 

Isobutyric acid. 


but neither propionic nor isobutyric acid, which are 
derived from it by substituting the hydroxyl by hydrogen 
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or by methyl respectively, are optically active. The latter 
are both symmetrical compounds. 

Whilst, without exception, all optically active compounds 
contain an asymmetric atom or group, the reverse does 
not hold. Of the two lactic acids already referred to, that 
obtained by the fermentation of sugar or prepared by 
synthetical methods in the laboratory is optically inactive, 
whilst the acid previously discovered by Liebig in meat- 
extract is dextro-rotatory. Both contain the asymmetric* 
carbon atom, to which the other atoms and radicals of 
the molecule are similarly linked; the relation is analogous 
to that of tartaric an\l racemic acids. Since racemic acid 
can be split up into the optical antipodes by the fractional 
crystallisation of suitable salts, it is regarded as a com- 
bination, in molecular proportions, of the two oppositely 
active forms ; this holds in regard to the inactivity of all 
racemic compounds. Inactive lactic acid can be similarly 
decomposed by the fractional crystallisation of suitable 
^salts, and in this way Isevo-rotatory lactic acid has been 
prepared.^ There are, therefore, three forms of lactic 
acid of which the right- and left-handed are really different, 
whilst the inactive form is a combination of the other 
two. This fact is well illustrated by mixing solutions 
of the zinc salts of the two active acids, each of which 
contains two molecules of water of crystallisation and 
are fairly soluble in water, when the more sparingly 
soluble zinc . salt of the inactive acid, containing three 
molecules of water of crystallisation, separates. 

This isomerism of the two lactic acids is shown in the 
following formulae : — 

coon coon 




I. Lactic acid. it. 


Purdie and Walker, y. Chem, 1892, lx. 754. 
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No means are known for deciding the order of the 
substituents in either molecule. As their arrangement is 
purely relative, it is immaterial which of the two configura- 
tions is assigned to the dextro-rotatory acid ; in either case 
the reflex will represent the tevo-isomer. 

For the concrete study of these stereochemical relations 
suitable models are employed which, both for the student 

and the investigator, are a considerable aid in the riscog- 
nition of the geometrical relations that arise, especially 
amongst the more complex compounds. In order to 
represent these relations on paper it is unnecessary to' 
draw the formulae on the tetrahedron model as above, 
since the isomerism is equally clear if a projection of the 
model in the plane of the paper be used; this is the 
method generally adopted to show the relations of stereo- 
chemical isomers. The following projection formulaj 
for the lactic acids illustrate the advantage of this sim- 
plification : — 

COOH COOH 


1 

H— C— OH 

I 

CH3 


HO— C— H 

I 


CH, 


1. 


II. 


Prujectcil stereochemical formulse for ihe lactic acids. 


The relative position of the hydrogen ao^ hydroxyl to 
the two other substituents i^obviously reversed in the two 
formulae ; they are the reflex of each other, but it is to be 
borne in mind that these are projecte^d formulae of the 
tetrahedron .symbol, and not the old two-dimensional, 
graphic representations. 

Although, genejpally speaking, every optically active 
compound contains an asymmetl^ic atom, optically active 
compounds are known in which no individual carbon atom 
is asymmetric, but the atoms of which are grouped 
together in such a way that the molecule contains no 
plane of symmetry. ^ This exceptional condition of optical 
activity occurs with the carbohydrate inositol^ a derivative 

* Qd- Maquenne, Ann^ Chim. Phys, 1890, [6] xxii. 364 ; BouveauH, 
Bull, Soc, Chim.^ £3l 144* Marckwald and Meth, Berichte^ 

1906, xxxix. 1171. 
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of hexamethylene ; the carbon atoms form an asymmetric 
nngf and althougch no carbon atom is joined to four 
different groups, the compound exists in a dextro- and 
lajvo-, as well as in the inactive-form. This forms no 
contradiction to the theory of the asymmetric carbon 
atom ; indeed, van’t Hoff foresaw, in his original ex* 
, position of the theory, that such groups of atoms could 

give *a similar effect to that of a single asymmetric 
atom. 

''' The Stereochemistry of the Tartaric Acids , — In so far 
*as optically inactive compounds containing an asym- 
metric carbon atom represent a combination of oppositely 
active forms, the stereochemical theory has been shown 
to be quite satisfactory, but it has still to account 
for the fourth tartaric acid, inactive or meso-tartaric 
acid, which cannot be split up into two stereochemical 
isomers. 

A few of the properties of these acids may be advant- 
^eously considered first. The four acids, dextro-tartaric, 
l^vo-tartaric, meso-tartaric, and racemic show very few 
differences in their chemical behaviour. There is ample 
proof that they are all dibasic, dihydroxy-acids of the 
same molecular formula, C4HgOg, the linking of the con- 
stituent groups being represented graphically as follows: — 


CH(OH).COOH 

CH<OH).COOH 


tk 


yCOOH 

C(-OH 

\COOH. 


Tartaric acid. , 

The dextro- and laevo-roffetory acids dmer only in their 
action on polarised light and in the position of the hemi- 
hedral faces on their crystals; in al^ other respects they 
are exactly alike. They melt at the same temperature, are 
equally soluble in water, and their salts, apart from the 
above optical and crystallographic differences, are in every 
respect similar; derivatives such as the esters melt 
boil at the same temperature^ Racemic acid, on the other 
hand, presents more marked differences. Its crystalline 


19 
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form is triclinic, whilst the above acids crystallise in the 
monoclinlc system, and it contains water of crystallisation, 
whils^the active acids are anhydrous; both the free add 
and calcium salt arc less soluble in water than tartaric 
acid aiifl calcium tartrate respectively, and dimethyl- 
racemate melts considerably higher than the isomeric 
tartaric ester. Meso-tartaric acid, like racemic acid, 
crystallises with one molecule of water of crystallisation, 
but its solubility in water is about equal to that of dextro- 
and laevo-tartaric acid; on the other hand, it forms a 
characteristic acid potassium salt, which is much more* 
soluble than the corresponding salt of its isomers, and 
the diethyl ester is a solid, whilst the active diethyl- 
tartrates and diethyl-racemate are liquids. 

In addition to these differences in physical properties, 
the tartaric acids are characterised by the ease with which 
they can be converted one into the other. When dextro- 
tartaric acid is heated to 175® in presence of a little water, 
it is gradually converted into racemic acid, and this con- 
version is practically complete in thirty hours. At a 
slightly lower temperature (165®) meso-tartaric acid is 
formed, together with racemic, and the former is itself 
partially transformed into the latter on heating. Such 
mutual transformations are a special characteristic of 
stereochemical isomers, and the repeatedly observed 
phenomenon that optically active compounds lose their 
activity upon heating is an example of a similar change, 
resulting in the formation of an inactive isomer or of a 
racemic combinatioOi, 

iTurning now to the stereochemical relations of these 
four acids, the above graphic formulk shows that their 
molecules contain two asymmetric carbon atoms, each in 
combination wittua hydrogen, hydroxyl, and carboxyl, the 
fourth affinity of lach carbon ^om serving to link the two 
halves of the molecule together, as in ethane. The possi- 
bilities of stereochemical isomerism are naturally, therefore, 
more numerous than in the case of lactic acid, which 
contains only one asymmetric atom. When the possible 
disposition of the six substituents is studied on the tetra- 
hedron models, there appear at first sight to be four 
configurations possible; the#^ projected formulas are as 
follow : — 
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COOH 
H— i— OH 

no-i>— H. 
iooii 

I. II. III. IV. 

The actual disposition of the atoms and groups in these 
four formulae is best followed by regarding^ their order in 
‘ the two halves of each molecule separately. If the link 
between the two ca^bon atoms in I. be separated on a 
model, it will be seen that the two halves of the molecule 
exactly superpose each other, the order of the substituents 
H, OH, COOH being the same in both when looked at 
from the same position. Hence, if it be supposed that 
polarised light, entering the molecule from above, receives 
a right-handed twist from the upper portion of the mole- 
cule, this twist will be supplemented by the lower half; t^e 
whole will, therefore, be optically active — say, dextro- 
rotatory. Formula II. will similarly represent an optically 
active molecule, but the order of the substituents is the 
opposite to that of 1., and the entering polarised light will 
be twisted in the opposite direction ; the molecule will be 
laevo-rotatory. Each is a reflex of the other, and these 
configurations are obviously to be assigned to the two 
active tartaric acids. They represent an enantiomorphous 
pair, which, when mixed in mok^cular proportions, produce 
the inactive form, racemic acid. Applying similar con- 
siderations to formulae 111. and IV., both will be seen to 
be inactive, and thereover identical. The order of the 
three substituents in the. two halves of the molecule is 
opposite ; the twist given to polarised light in the upper 
half of the molecule will thlrefore be revlrsed in the lower, 
and optical inactivity will result. This internal or intra- 
Molecular compensation, which is represented by the 
configurations III. and IV., is the cause of the inactivity 
of meso-tartaric acid. Such a molecule evidently cannot 
be divided into its optically active isomers, as in the case 
of racemic acid, which is inactive by external or inter* 
molecular compensation, because two equal and opposite 
asymmetric groups are contained within the same molecule.. 


COOH COOH COOH 

HO-i-H Il-i— OH HO-i-H 


II— on H— i— I 


on no- 


-U.. 
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These relations of the four acids can be summarised as 
follows, d and / representing the opposite optical activities 
of the two portions of the molecule: — 

I d 


Dextro-rotatory. Lcevo-rotatory. Meso-tartaric. 

The constitutional difference between the two inactive 
forms of tartaric acid receives, therefore, a complete ex- 
planation from the standpoint of the stereochemical theory ; 
similar relations exist amongst other compounds contain- 
ing two asymmetric carbon atoms. 

A comparison of the above configurations of dextro- and 
lacvo-tartaric acids indicates that the relative distance of 
each atom or group from the others is correspondingly the 
same, and hence the same condition of equilibrium will 
exist in the two molecules. In meso-tartaric acid, on the 
otiher hand, the same atoms and groups are differently 
situated in respect to each other, and they cannot under 
any conditions be so arranged as to show the same con- 
ditions of equilibrium that obtains with the active acids. 
Its isomeric relation to the latter is, therefore, distinctly less 
subtle in character than that between the two active acids, 
and this difference finds its equivalent in their relative 
physical properties referred to above. 

The nature of the combination of the two active acids in 
racemic acid is not decided. Although often spoken of as 
a mixture, It is more probable that some degree of com- 
bination exists between the two molecules, for it would be 
strange if the mere admixture of two compounds, so alike 
in all their properties as the two active acids, were to form 
a product showing marked differences from its constituents 
in physical properties, apart from its optical inactivity. 
These differences are essentially concerned with the solid 
state, for racemic acid and its derivatives when in solution 
or in the liquid or gaseous state behave like a normal 
mixture. 

The mutual transformations of the tartaric acids by the 
action of heat can be advantageously studied in the light 
of the stereochemical formulae. To convert dextro-tartaric 
acid into racemic acid, for instance, the configuration of 
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one-ha,lf of the total number of molecules must be changed. 
This change is to be attributed to the more violent atomic 
vibrations within the molecule at higher temperatures. It 
is unlikely that this change proceeds in one direction 
only ; most likely the laevo-rotatory molecules formed will 
also be transformed into their antipode, and thus from 
their side contribute to the formation of the racemic form. 
Final equilibrium, assuming that the change proceeds 
equally easily in either direction, which is extremely likely; 
will be reached when the number of right- and left-handed 
molecules is equal — the original acid has been com- 
pletely racemised. ^It is also evident that no excess of 
left-handed molecules will be formed during the trans- 
formation. The formation of meso-tartaric acid is to be 
attributed to similar atomic movements within the mole- 
cule, but in this case they must be restricted to a change 
of configuration in only one-half of the tartaric acid 
molecule. There are no special conditions of equilibrium 
that might arise, and, as a matter of fact, a mixture of 
meso-tartaric acid, racemic acid, and dextro-rotatory 
tartaric acid is formed when the ordinary (dextro-rotatory) 
acid is heated to the lower temperature (165"). The 
tartaric acid that remains in the final mixture is generally 
spoken of as “ unchanged/’ but this is not necessarily the 
case. Active tartaric acid can also be racemised by the 
action of alkalis, and in this case it has been shown^ that 
the change takes place in two successive stages; one 
asymmetric carbon atom is first affected, forming the 
meso-acid, and the change then completed by a change in 
the configuration of the groups attached to the second 
asymmetric carbon atom. A condition of equilibrium is 
finally attained as explaiqed above. 

The stereochemical relations of the tartaric acids are 
typical of those of all similarly constituted substances; two 
active and one inactive compound can exist and one 
racemic combination. When the substituting groups in 
the two parts of a molecule containing two asymmetric 
carbon atoms are dissimilar, the number of stereochemical 
isomers is increased; two active and two inactive forms 
become possible, together with two racemic combinations 
With an increase in the number of asymmetric carbon 
^ Winter, Z* physik, Ckcm.^ 1906, IvL 466, 720. 
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atoms the conditions of stereochemical isomerism become 
more complex, and the assigning of the configuration is 
then a very difficult task. These conditions will be con- 
sidered in connection with the sugars (Chapter XIIL), the 
group in which the hypothesis of van’t Hoff and Le Bel has 
received its most complete and convincing support. 
yRacernic Combinations and their Resolution into Optically 
Active CofnpoundSn — Racemic acid and all similar externally 
compensated combinations are distinguished from their 
optically active isomers by their crystalline form and 
specific gravity, and usually by a difference in solubility 
and melting point. These same physical properties serve 
to distinguish racemic combinations from mere mixtures;^ 
in the latter each component retains its own physical pro- 
perties, and can usually be mechanically separated from its 
antipode. Whilst this distinction is comparatively easy in 
the case of most solids, although various grades of racemic 
combination appear to exist, no means are at present 
known for distinguishing racemic liquids from inactive 
mixtures. 

A further characteristic of racemic combinations is the 
cact that it is possible to resolve them into their optical 
isomers, a discovery due to Pasteur (1848), who succeeded 
in working out no less than three distinct methods for this 
purpose. These methods have since been applied to the 
resolution of numerous racemic combinations; they have 
been elaborated and improved, but no further methods 
have been added during the sixty years which have elapsed 
since their discovery. 

The first of these methods is that mentioned in connec- 
tion with racemic acid itself, the crystallisation of a suitable 
salt. By careful evaporation of a solution of sodium 
ammonium racemate below ay"", the crystals that separate 
consist of the salts of the dextro- and Isevo-tartrates, which 
can be distinguished by the position of their hcmihedral 
faces, and thus be mechanically separated from each other. 
This is because below 27'' sodium ammonium racemate, 
which crystallises with two molecules of water of crystal- 
lisation, takes up water to form the dextro- and Issvo- 

^ Cf, Steward, Sttnochemutryy p. 37. 

C/. Kipping and Pope,/. Chm^ 1897, Ixxi. 989; and Koozebooni, 
Z. physik, Chem, , 1899, xxviii. 498. 
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tartrates, each of which crystallises with four molecules of 
water of crystallisation; above this temperature, which is 
called the transition temperature^ the tartrates lose water 
and form the racemate, a change which may be expressed 
by the equation^: — 

2 C 4 H 40 oNaNH^. 4 H ,0 * 

d and'^ Sodium ammonium tarlrates. Sodium ammonium racemate. 

There is similarly a definite transition temperature for 
all other racemic compounds, above which the active con- 
stituents are converted into the racemic combination. 
The zinc-ammonium salt of inactive lactic acid can be 
thus resolved into the two active forms, and in some 
cases the simple evaporation of an ethereal solution will 
effect the separation of enantiomorphous crystals.* Owing 
to the equal solubility of the dextro- and laevo-forms, the 
separation of the two always takes place in equal propor- 
tions. But by effecting the crystallisation from an optically 
active solvent a change in this equivalent separation of the 
two antipodes is sometimes possible, owing to their having 
a different solubility in the asymmetric solvent. Thus, 
Kipping and Pope* have shown that dextro-sodium 
ammonium tartrate is less soluble than the leevo-salt in a 
concentrated solution of glucose (which is dextro-rotatory) 
at the ordinary temperature, a property which allows con- 
sequently of the separation of the enantiomorphs by frac- 
tional crystallisation. This is an important extension of 
Pasteur's method* The equal solubility of the optical 
isomers in ordinary solvents may thus be changed if the 
solvent be itself an asymmetric substance. 

An analogous influence is at the basis of the other 
methods for the resolution of racemic combinations. Thus 
in the second method originated by Pasteur the separation 
of the isomers is effected by combining the racemic com- 
pound with an asymmetric base or acid to form a salt. 
Pasteur recognised that whereas the constituents of an 
externally compensated compound like racemic acid will 
possess equal afSuities for a symmetric base such as 

^ Cf, Van’t IIofT and Deventer, phyiiti. Ckefm% 1887, i. 165. 

^ This occurs with Isuhydrobenzoin^ 1897, xrx. 1531. 

/* Ckcftu Sockf 1898, Ixxiii. 606. 
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potassium or sodium hydroxidei a difference will be intro- 
duced if the combination be effected with an asymmetric 
base, with the result that the salts should show differences 
in solubility and in other physical properties, which should 
serve for th^ir separation. 

This method depends upon the general consideration 
that when a combination of two optically active acids, such 
as (/- and tartaric acid, is effected with an optically ^active ' 
base, a mixture of two salts is obtained which are no 
longer enantiomorphously related. Calling the acid, A, 
and the base, B, the salt of the dextro-rotatory acid will be ' 
that of its isomer the base being taken 

as dextro-rotatory. A difference is thus clearly intro- 
duced, with which the above differences in physical 
properties are associated. The preparation of the free 
acids from such salts is easily carried out and thus the 
separation of the enantiomorphs effected. 

Pasteur resolved racemic acid by forming a salt with the 
alkaloid cinchonine, an asymmetric base ; on allowing the 
solution of this salt to crystallise, the salt of the laevo- 
tartrate separated first, being more soluble than that of 
the dextro-tartrate. The crystalline form of the two salts 
was also quite distinct. 

A number of other alkaloids, such as quinine, brucine 
and strychnine, have been found most valuable for thus 
resolving the inactive combinations of acids ; the resolution 
of inactive lactic acid, for instance, was effected by means 
of the strychnine salts, that of the laevo-acid being less 
soluble than strychnine dextrodactate. 

Optically active acids can be similarly employed for the 
resolution of racemic bases. Dextro-tartaric acid was 
successfullj employed for this purpose by Ladenburg in 
the - preparation of optically active conine, the first syn- 
thetically prepared alkaloid,^ and more recently by Pictet 
and Rotschy in their synthesis of nicotine.^ Tartaric acid 
has also been applied in several other instances, but it is 
a comparatively weak acid, and its salts, especially with 
w'eak bases, are less stable and less well-defined than 
those of stronger acids. The advantage of using 
stronger asymmetric acids has been recognised and 


1 


C/. Chap, xv; p. 409. 
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practised by Pope^ with remarkable success. By the use 
of a dextro-rotatory sulphonic acid of camphor he has 
been able to resolve the racemic combinations of a 
number of weak bases of which the active forms were 
previously unknown, and also to establish the asymmetric 
nature of compounds of other elements than carbon ; 
these will be referred to subsequently. 

Pasteur’s third method, which was the steppibg-stone 
to his great work on ferments, effects the separation 
pf enantiomorphs by means of the asymmetric, living 
organism. From the standpoint that optical isomers 
showed a difference id behaviour towards a third asym- 
metric compound, Pasteur studied the action of an 
enzyme, Penicillium glaucum^ on a solution of ammonium 
racemate. He found that fermentation took place just as 
it did in the case of ammonium tartrate, but that the 
solution of the inactive salts became lasvo-rotatory, 
and that the optical activity gradually increased up 
to a maximum, when the fermentation ceased. The 
laevo-tartrate was obtained in a state of purity from the 
residual solution ; the dextro-tartrate was completely 
destroyed. This same enzyme resolves the salts of many 
other acids, such as the inactive forms of lactic, glyceric, 
malic and mandelic, and in each case the residual acid is 
laevo- rotatory. Other enzymes and a variety of bacteria 
act similarly, but they show differences in respect to the 
isomcride that is left in excess after their growth. In all 
cases either one enantiomorph is destroyed and the other 
left, or if both are attacked, one is decomposed more 
rapidly than the other.^ The asymmetric living organism 
possesses the power of discriminating between the two 
active forms, choosing one^ either solely or preferably, for 
its own nutriment, a choice probably regulated by its own 
asymmetry. Certainly these low forms of life exercise the 
most remarkable particularity in respect to the geometrical 
structure of their food molecules, a point which is em- 
phasised in connection with the sugars. * It may be noted 
that ferinentutive changes do not necessarily result in 
the formation of optically active compounds ; inactive 

^ /. Chetn, S&c.f 1899, Ixxv. H05, 

Cf. McKenzie and Harden,/. Chefn. Soc., 1903, Ixxxiii. 424. 

“ C/. Chap. xiii. p. 343. 
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lactic acid, for instance, is obtained by the action of the 
lactic acid ferment upon sugars, and there are other 
examples. 

The Synthetical Preparation of Optically Active Coni’- • 
pounds . — All naturally occurring compounds which contain 
an asymmetric carbon atom are characterised by optical 
activity. Grape sugar is dextro-rotatory, fruit-sugar 
la^vo-rotator^; both dextro- and Isevo-rotatory terpimes are 
found in nature, whilst amongst many complex molecules 
of unknown structure, such as alkaloids and proteins, 
asymmetry as evidenced by optical activity has long 
been recognised. Pasteur in his “ Lectures on the Mole- 
cular Asymmetry of Natural Organic Products,** given 
before the Chemical Society of Paris in i86o,^ refers to 
this molecular asymmetry of natural organic products** 
as **the great characteristic which establishes perhaps the 
only well-marked line of demarcation that can at present 
be drawn between the chemistry of dead matter and the 
chemistry of living matter.’* Whether this line of demar- 
cation still holds will be considered in Chap. Xlll. 
Meanwhile, it is a thoroughly recognised and established 
fact that in all synthetical processes as carried out 
in the laboratory, from symmetric compounds inactive 
products alone result. These may be inactive either by 
external or by internal compensation. In the former case 
the racemic combinations may be resolved by the methods 
just described, but in no case is a single active compound 
the direct result of a laboratory synthesis from symmetric 
compounds. For instance, in that of tartaric acid from 
ethylene vid, succinic acid and dibrom-succinic acid,^ a 
mixture of racemic and meso-tartaric acid results ; other 
synthetical methods lead to racemic acid only. Similarly, 
when lactic acid is prepared from acetaldehyde by the 
action of hydrocyanic and subsequent hydrolysis,^ or from 
propionic acid, the resulting product is the racemic 
combination. 

The cause of this is not far to seek. In all these 
syntheses a previously symmetrical molecule is rendered 
asymmetric by the introduction of the new ' substituent, 

^ AUmhU Club Reprints^ No. 14, 1897. 

* Chap. viii. p. 153. 

^ Chap. Viii. p. 130. 
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and obviously the dextro-compound can be formed just as 
easily as the laevo-form, and accordingly equal quantities 
of the two result. Thus, in the formation of lactic acid 
from propionic acid, either of the hydrogen atoms, repre- 
sented on the subjoined tetrahedron formula by H. and 
may be replaced by hydroxyl ; the forces concerned in 
die introduction of the new substituent are undirected, and 
consequently the chances of either point of attack being 
chosen are equal. Formula 1. for lactic acid represents 
tjie molecule formed by the replacement of H by hydroxyl, 
formula II. by that of H'. They form an enantiomorphous 
pair, and being produced in equal quantities, constitute a 
racemic combination ; — 

COOH COOfl COOH 




Racemic acid results on analogous lines. In meso- 
tartaric acid the conditions of equilibrium in the molecule 
are different, as already explained, and it may or may not 
be formed in synthetical processes. All the synthetical 
methods employed for the preparation of asymmetric 
compounds from symmetric compounds are of this type ; 
the initial symmetric compounds give two equivalent 
points of attack, with the result that an equal number 
of molecules of the two possible stereo-isomers are' 
formed. 

The resolution of these inactive Combinations by one or 
other of the methods described has not always proved 
possible, especially in the case of compounds which show 
no marked basic or acid properties, such as brom-nitro* 
ethane, CH^.CH.Br.NO^, but Pope’s recent success in the 
resolution of weak bases justifies the view that a further 
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extension of the old methods is likely to lead to successful 
results with other racemic combinations. 

An Important discovery bearing on the synthetical 
preparation of optically active compounds was made by 
Walden (1896), who showed that two enantiomorphously 
related compounds could be mutually transformed without 
the intervention of the racemic combination.^ 

For instance, ^-malic acid, which contains ooe asym- 
metric carbon atom, when treated with phosphorus penta- 
chtoride is converted into a chlorsuccinic acid whic^, 
whilst it has the same configuration as the original acid, is 
oppositely active ; although laevo-rotatory, it is called 
^chlorsuccinic acid so as to record its relation to ^-malic 
acid. Similarly, /-malic acid yields /-chlorsuccinic acid 
which is dextro-rotatory. When these chlorsuccinic 
acids are treated with strong bases, such as sodium or 
potassium hydroxide, the malic acid from which they 
were prepared is regenerated in each case ; but with 
weak bases, such as silver oxide or mercuric oxide, 
they yield the opposite enantiomorph — /.<?., the con- 
figuration is changed from: — 

CH2.COOH 

I 

HO— C— H to 

COOH 

Malic acid. 

or vice versa. 

The following diagram represents this remarkable cycle 
of changes. It has been suggested that the different 
action of strong and of weak bases on the halogen 
succinic acids is due to a difference in the mechanism of 
the change, that of the former being a direct replacement 
of halogen by hydroxyl, whilst in the case of weak bases 
symmetric addition compounds are formed, an atom or 
group of which has a directing force in respect to the 
configuration of the new molecule.^ 

J C/. Berkhti^ 1S99, xxxii. 1855. 

^ Cy* Walden, BerichU^ 1899, xxxii. 1S33; Armstrong,/. Chem, AW., 
1896, Ixix. 1399. 


CH2.COOH 

H— C— OH 
1 

COOH 
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With KOH 


/-Malic acid. ^ /-Chlorsuccinic acid. 


(Lccvo-rotatory) with PCI5 


(Dextro-rotatory) 


with AgaO 


with AggO 


//-Chlorsuccinic acid. 

• (tiaevo-retatory) 


^ //-Malic acid. 

^ (Dextro-rotatory) 

^ with KOH 


Asymmetric Synthesis . — Whilst inactive products always 
result in the synthe,$is of organic compounds from sym- 
metric substances, the conditions are obviously different if 
a carbon atom be rendered asymmetric, by substitution, 
in a molecule already containing an asymmetric carbon 
atom; the asymmetry already present may then influ- 
ence the conditions under which the new asymmetric 
carbon atom is formed in such a way as to lead to 
the formation of only one, or of an excess of one, of 
the two possible stereo isomers. The first attempts to 
effect “asymmetric syntheses’* of this character were 
unsuccessful, but E. Fischer and Slimmer,^ and especially 
A. McKenzie,® have now proved that the directing influ- 
ence of an optically active group causes the preferential 
formation of an optically active derivative. The method 
adopted by McKenzie was to prepare an optically active 
derivative of a symmetric compound such as a ketone, 
then to reduce this to the corresponding alcohol whereby 
a new asymmetric carbon atom was formed, and Anally 
to eliminate the original .optically active portion of the 
molecule. 

For example, when the ketonic acid, pyruvic acid is 
reduced to lactic acid one of the carbon atoms is rendered 
asymmetric ; the product obtained, however, is the racemic 
combination of dextro- and la&vo-lactic acids as in all 
other similar syntheses. 

1 Bcrichte^ 1903, xxxvi. 2575, 

* /. Chem. Soc.^ 1904, Ixxxv. 1249; 1905, Ixxwii 1373 ? Ixxxix 
365; I907» xci. 1215. 
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CH. CHj 

I ' I 

CO H-C-OH 


I . 

COOH. 
Pyruvic acid. 


1 

COOH. 

Lactic acid. 


If, however, the pyruvic acid be first combined with an 
optically active alcohol to form an ester, the latter then 
similarly reduced and the este^f the alcohol thus obtained 
partially saponified by an insufficient quantity of alkak, 
the resulting lactic acid is optically active, owing to the 
presence of a slight excess of one of the stereo-isomers. 
The optically active alcohols lajvo-borneol and laevo- 
menthol were used by McKenzie in these experiments. 
These changes may be expressed by the following formulae, 
in which R represents the asymmetric radical of borneol 
or menthol : — 


CH3.CO.COOR. CH3.CHOH.COOR. -> 

Laevo-menthyl ester of Pyruvic acid. Loevo-mcnthyl ester of Lactic acid. 

CH3.CHOH.COOH. 

Locvo-lactic acid. 


Such asymmetric syntheses are of especial interest on 
account of their bearing upon the natural synthesis of 
active compounds.^ 

^ The Geometrical Isomerism of Unsaturated Compounds . — 
The stereochemical relations so far considered are re- 
stricted to compounds containing one or more asymmetric 
carbon atoms. Other cases of unexplained isomerism had 
long been known and studied, especially that of two un- 
saturated compounds, fu marie and maleic acid. Van’t 
Hoff was the first to suggest that they were stereo- 
chemical isomers, a view which is now generally accepted, 
whilst J. Wislicenus (1887) developed the general principles 
underlying the stereochemical relations of such unsaturated 
organic compounds.^ The term Geometrical Isomerism is 
now generally used to distinguish the space isomerism of 

' Cl Chsp. xiii. p. 357, 

Ueber die rdumliche Anordnung dtr Atome in organischen Mohkuten^ 
1887. Published by Hirzel, Leipzig. 
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substances of this character from that associated with 
molecular asymmetry. In outline, the principles brought 
forward by Wislicenus are as follows. 

When two carbon atoms, as represented by the tetrahe- 
dron symbol, are united by a single bond, as, for instance, in 
ethane, each carbon atom is free to rotate about this bond. 
Ilciice, it is indifferent whether the direction of each 
valency j3f the first carbon atom is represented as vertically 
above each valency of the^iecond, or whether it is placed 
in an intermediate position, as in the following formulae; — 



Ethane. 


In either case by a slight rotation of one of the carbon 
atoms the two molecules become identical. If this were 
not the case — that is, if the linking between the carbon 
atoms were rigid, a large number of isomeric ethanes, 
differing slightly in their properties according to the 
relative positions of the hydrogen atoms, should be 
possible, but there is no evidence whatever of their 
existence. If the substituents are different, as, for ex- 
ample, in ethylene dichloride, CHaCl.CH^Cl, the hydrogen 
and chlorine atoms will exert a certain attraction for 
one another and will determine the position of greatest 
stability, the “favoured configuration”; but even in this 
case an oscillation about this position will occur, and so 
a proportion of the molecules may momentarily take up 
the least favoured configuration under the influence of 
heat or other added energy. Unless, however, there is 
some cause to fix the system in this least stable form, it 
will revert to the most favoured configuration when the 
added energy is withdrawn. Succinic acid, for instance, 
which is a compound of similar type to ethylene dichloride. 
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forms an anhydride when rapidly distilled, according to 
the equation; — 

CHg.COOH CH 2 .COV 

I - I >0 + HgO. 

^ CHg.COOH CHg.CO/ 

Succinic acid. Succinic anhydride. 


Of the two extreme stereochemical formulae: — • 



Succinic acid. Succinic anhydride. 

I., in which the carboxyl groups are as far away from 
each other as possible is the more stable configuration, 
whilst in II. the carboxyl groups are obviously more 
favourably disposed for the formation of an anhydride. 
The former is, therefore, regarded as representing the free 
acid und^r ordinary conditions; but when heated it will 
have a tendency to assume the less favoured configuration 
which becomes fixed in the formation of the anhydride. 
The relative .stability of the two configurations is also 
influenced by the introduction of substituting groups; 
thus, the alkyl derivatives of succinic acid form anhydrides 
more readily than succinic acid itself, and the more alkyls 
that are introduced, the greater is the ease with which the 
separation of water occurs. Trimethyl- and tetramethyl- 
succinic acid, for instance, form anhydrides almost spon- 
taneously, so that the presence of alkyl groups is clearly 
favourable to the second of the above configurations. ^ 
When two carbon atoms are united by a double or triple 
bond the possibility of free rotation of each portion of 

^ Cf, BischolT, Berichte^ 1S91, Jcxiv. 1048; Zelinsky, Berichte^ 1891, 
xxiv. 3997. 
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the molecule, which is the characteristic of singly-linked 
carbon atoms on the tetrahedron symbol, ceases. In 
ethylene, for example, the two tetrahedra have an edge in 
common, in acetylene a face in common, as shown in the 
following stereochemical formulae, and the rotation of one 
half of the molecule relatively to the other is impossible. 



Clla CH 

Ethylene || Acetylene III 

CHa ClI 


This view of the multiple linking of carbon atoms is 
supported by the fact that the possible geometrical 
isomers, which are theoretically indicated for a large 
number of compounds containing a doubly-linked carbon 
atom, are actually known, and included amongst these 
are the cases of isomerism amongst unsaturaited com- 
pounds which were previously unexplained. No isomers 
are theoretically possible in the case of compounds con- 
taining trebly-linked carbon atoms, and none are known. 
The projection formulae used for representing the structure 
of ethylene and acetylene from this standpoint are as 
follows: — 

H~C— H C— H 


II 

H— C—H 

Ethylene. 



On the model, the plane occupied by the four valencies 
of the carbon atoms of ethylene, which are attached to 
the four hydrogen atoms, is situated at a right angle to the 
plane of the paper. 

If two of the four hydrogen atoms in ethylene are 
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symmetrically substituted either by the same or by 
differeut elements or radicals, two configurations are 
always possible. Thus, in the case of fumaric and maleic 
acids, C2H2 (COOH)j 5, already referred to, both of which have 
the same structural formula, their geometrical isomerism 
is expressed by the following projection formulae: — 

H— C—COOH H— C-COOH 

II and II 

H— c— COOH COOH— 

I. II. 

These formula; have as yet offered the best explanation 
of the isomerism of the two acids. As space formulae 
they differ in respect to the position of the substituents 
on either side of the double bond and such difference is 
obviously less subtle than that existing between an object 
and its reflex, which occurs with enantiomorphs contain- 
ing an asymmetric carbon atom. Geometrical ethylenic 
isomers of this character are in no sense asymmetric, and 
both optical activity and enantiomorphous, crystalline rela- 
tions are accordingly excluded. This greater distinction 
6nds its equivalent in the marked differences in the pro- 
perties of maleic and fumaric acids. Their properties 
have already been considered, also the differences in their 
chemical behaviour and the fact that they are characterised 
by the rq^diness with which each may be converted into 
the other. ^ 

. Since maleic acid forms an anhydride, whilst fumaric 
acid does not, and also on account of the greater stability 
of the latter, the allotment of the two stereochemical 
formulae presents no difficulty. That with the two car- 
boxyl groups on the same side evidently corresponds best 
to the properties of maleic acid, whilst the form in which 
the like groups are as far apart as possible will represent 
the more stable fumaric acid: — 

H~C— COOH H— C— COOH 

II II 

H— C--COOH COOH— C--H, 

Maleic acid. Fumaric acid. 

Cis or plane-Bymmetric form. Trans or axial-symmetric form. 

^ Chap. viii. p. 150, 
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The terms “cis” and ‘*trans’* are generally used to 
express the relations amongst the atoms or groups in 
such geometrical isomers. 

On oxidation both maleic and fumaric acids give inactive 
tartaric acid, but in the case of fumaric acid the resulting 
product is racemic acid, whilst maleic acid yields the 
internally compensated meso-tartaric acid. This is quite 
* in accordance with the stereochemical formulae given 
above. The oxidation, which consists in the addition of 
^two hydroxyl groups, is represented by the equation: — 

CHOH.COOH 
CHOH.COOH 

Racemic and 
Mcso-taitaric acid. 

On the basis of the tetrahedron model for the formulae 
of the two acids, the oxidation products will result as 
follows, when one or other of the two linkings is broken 
to give place to the two hydroxyl groups: — 




CH.COOH ^ 

II +H2O + O 

CH.COOH 

Maleic and 
Fumaric acid. 
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This agreement between the theoretical and experimental re- 
sults forms an interesting connecting link between the two 
forms of stereo-isomerism, and affords a strong confirma- 
tion of the correctness of the theory of stereochemistry as 
based upon the tetrahedron symbol for the carbon atom. 

To explain the mutual changes of fumaric and maleic 
acid, Wislicenus assumed the formation of an intermediate 
saturated compound. The two halves of such compounds 
being free to rotate about their common axis would take 
up the position of maximum stability and by the sub- 
sequent separation of the added molecule could form a 
compound having a different configuration from the 
original. According to this view, the conversion of 
maleic acid into fumaric by the action of hydrobromic 
acid takes place through the following stages: — 



Maleic acid. Monobromsuccinic acid I. 


Since a double bond is broken in this change, the added 
atoms (H and Br) should take up their position on the 
same side of the molecule (formula 1.). But this is the 
least favoured configuration for such a compound ; it 
will consequently rotate to the most favoured position 
(formula II.), and from this, by loss of hydrobromic 
acid, it might pass into fumaric acid: — 



Monobrooisucclnic acid II. Fumaric acid. 
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The hydrobromic acid is liberated again in the second 
stage of the reaction, thus explaining why only a small 
quantity of such a reagent is required to change a com- 
paratively large quantity of maleic acid into its isomer. 

Attractive as this view is, it unfortunately lacks experi- 
mental confirmation. No indications of the formation of 
such intermediate products as the above bromsuccinic 
'acid have been observed, nor are they the unstable 
compounds required by Wislicenus’ interpretation of 
these changes; monobromsuccinic acid, for instance, is 
^markedly stable and shows no tendency to give up hydro- 
bromic acid at the\ temperature at which the isomeric 
change occurs. Moreover, it has been shown that neither 
the addition nor the separation of halogens and halogen 
acids with unsaturated compounds always follows on the 
lines to be expected from the stereochemical formulas, the 
irans form being produced in some cases where the cis 
form would be expected, and vice versa. ^ Many of the 
methods of formation and reactions of maleic and fumaric 
acid are well accounted for by Wislicenus* views, but their 
mutual transformations require some other explanation. 
These Isomeric changes occur both with the free acids and 
with many of their derivatives, not only in presence of 
added substances such as the halogens and halogen 
acids, but also upon heating and on exposure to light.* 
It is, accordingly, very probable that such reagents act 
catalytically as accelerators of a change that can be 
effected, although more slowly and less completely, with- 
out them. 

A consideration of the stereochemical formulas given 
below for a czs and ^rans ethylene compound shows that 
for the one to change into the other, either the two sub- 
stituents a and b mu^t e^cchange places directly, or that 
the double bond must be broken and be re-formed in a 
new position. The former possibility is highly improbable ; 
the latter involves the separation of one carbon affinity, as 
represented by the junction of an angle, in each of the 
tetrahedra, followed by a rotation through 180* and the 
subsequent formation of a new double bond. 

' A. Michael, /. Cbem. Soc, Abstracis, 1893, Ixiv. 144; and 1896, 
Ixx. 130. 

2 Paal and Schulze, Berichte^ 1902, xxxv. 168. 
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Such a change implies that the fixity of position indi- 
cated by the double bond is not absolute, but that it may 
be broken or strained if the conditions are favourable. 
Experiments by Skraup’ give some support to this view 
of the change, but a more complete knowledge of the 
nature of a double bond between two carbon atoms, and 
of the essential difference between this and a single bond, 
is undoubtedly necessary before these isomeric changes 
can be satisfactorily explained. Meanwhile, however, 
there is no reason to doubt the correctness of the stereo- 
chemical relation of maleic and fumaric acids. 

V^ery many other instances of isomerism are now known 
amongst unsaturated organic compounds, almost all of 
which are inexplicable from any other standpoint than 
that of geometrical isomerism; but, on the other hand, all 
the isomers indicated by theory have not proved capable 
of isolation. Corresponding to fumaric and maleic acids 
there should be geometrical isomers of all compounds of 
the same type, such as dichlorethylene, dimethylethylene, 
and the like, but as yet these compounds are known only 
in one form : — 

H_C— Cl H— C— Cl 

II ■ and II 

H— C— Cl Cl— C— H 

Dichlorethylene, 

H— C— CH3 CHa— C— H 

II and II 

H— C— CHj H— C— CH3 

Dimethylethylene. 


* J. Chem, So€. Abstracts^ 1891, lx. 1338. 
Stertochemistryi pp. 188-194. 


also A. W. Stewart, 
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In the case of dichlorethylene it is probable that the- 
great attraction of chlorine for hydrogen is sufficient to 
cause the cis form to change spontaneously into the more 
stable trans modification ; two isomers of the correspond- 
ing di-iodocthylencs (C.^ILjIo) have been isolated which 
probably correspond to the cis and truvs forms. ^ The 
methyl group has no pronounced electro-positive or electro- 
negative character, and there is every reason to suppose 
that the two isomeric dimethylethylenes will be found 
capable of existence. 

The crotonic acids stand midway between the dimethyl- 
ethylenes on the one hand and maleic and fumaric acid on 
the other. Their isomerism, as already explained,® cannot 
be due to structural differences, and is most satisfactorily 
expressed by the following stereochemical formulte: — 

H- C— C H 3 H -C— CHg 

II II 

H— C— COOH COOH— C— H. 

Cis, Trans, 

The cis formula is assigned to solid crotonic acid 
because its monochlor-substitution product, in which the 
hydrogen and chlorine are adjacent, when treated with 
alcoholic potassium hydroxide readily loses a molecule of 
hydrochloric acid to form a doubly-unsaturated acid, tetrolic 
acid, whilst the corresponding iso-crotonic acid derivative 
forms tetrolic acid far less readily. The basis for thus 
assigning the configuration to such geometrical isomers is 
shown in the following projected space-formulae®; — 

H— C— CHo H— C— CHg C— CH3 

II II III 

Cl— c— COOH COOH— C— Cl C— COOH. 

Monochlor-crotonic acid. Monochlor-isocrotonic acid. Tetrolic acid. 

Amongst saturated cyclic compounds, such as trimethy- 
lene, many instances of geometrical isomerism are known ; 
their conception and preparation has been a direct out- 
come of the work of van’t Hoff and Wislicenus. It will 

* Keiser, /. Chem, Soc, Abstracts^ 1899, Ixwi. 39S. 

* Chap. viii. p. 149. 

^ For the most recent work on the chemistry of the Crotonic acidsj; 
cf, Autenrielh, B^richte^ 1905, xxxviii. 253^^, 



MODERN ORGANIC CHEMISTRY. 


313 


readily be seen that dicarboxylic acids of the polymethyl- 
enes can give rise to geometrical isomers corresponding 
to maleic and fumaric acid, which are the dicarboxylic acids 
derived from ethylene. Thus, the analogues oi fumaric 
acid will be as follows: — 


h-c~cooh 


COOH— C— H 


H— C— COOH 

i\ 


CH., 

1/ 

COOH— C— H 


H— C-COOH 

/\ 


HgC QHj 

v 

COOH— t— H 


Fumaric 

acid. 


Trimethylene 
dicar l)oxy1ic acid. 


Tetramethylene 
dicarboxylic acid, 


The geometrical isomerism of the hexamethylene car- 
boxylic acids, the reduction products of the phthalic acids, 
has been most completely studied by von Baeyer. Attempts 
to extend these views to unsaturated cyclic compounds 
such as benzene and its derivatives have confirmed the 
structural symmetry of the benzene ring, but the in- 
dicated possibility of asymmetric molecules amongst 
simple benzenoid compounds, derived from three-dimen- 
sional formulae, has, despite specific experiments for their 
preparation, not been realised. As yet all that is known 
of benzene is consistent with the view that the centres of 
gravity of all the atoms of the molecule lie in one plane.^ 
Stereochemical Considerations regarding the Formation 
of Cyclic Stereochemistry has not only played 

its part in unravelling the complexities of isomerism, but 
in another direction the conception of the tetrahedron has 
materially aided the advance of organic chemistry. The 
direction of the affinities of the carbon atom being 
indicated by the axes of the tetrahedron drawn from the 
centre to the solid angles, it follows that if several carbon 
atoms are united together in a chain they will not form a 
straight line, as would appear from the ordinary method 
of formulating such compounds, but will form a series of 
angles with each other, each equal to the angle subtended 
at the centre of a tetrahedron by one of its edges — viz., 
approximately 109”. This angle is such that if five carbon 
atoms be joined together they will almost form a regular 
pentagon, the valencies of the two end carbon atoms 
' Cf Stewart, Siermhemistry, chap. v. p. 502, 
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being, in fact, almost in the same straight line. Wislicenus 
pointed out that this fact offers a ready explanation of the 
tendency of chains of four or five carbon atoms to form 
a closed ring. The following figures illustrate this geo- 
metrical relation : — 




J^epnscHiatim of the combination of four and Jive cat bon atoms 
according to the tetrahedron symbol for carbon. 

The formation of the anhydride of succinic acid is a simple 
illustration of this stereochemical relation. Succinic acid, 
C2H4(C00H)2, contains a four carbon atom chain, and 
therefore the proximity of the carboxyl groups allows of 
the ready formation of an anhydride, whilst the space 
formulae for its lower homologues, oxalic and malonic 
acids, do not indicate the likelihood of the formation of 
such closed chains, and as a matter of fact none are 
known. As stated above, the succinic acid must take 
up its least favoured configuration to form the anhydride 
and similar closed chain compounds. 

•The preferential formation of anhydrides (lactones) from 
7- and fi-hydroxy-acids’ is also well explained from a 
stereochemical standpoint; these acids contain chains of 
four and five carbon atoms respectively.^ 

Similarly the formation of cyclic compounds and their 
relative stability must be dependent upon stereochemical 
considerations, a view which led von Baeyer to his im- 
portant Tension Theory oi cyclic compounds.* This theory 

^ Cf Chap. viii. p. 157. 

“ Jterich/e, 1885, xviii., 2277; and 1890, xxiii. 1275. 
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he propounded from the fundamental consideration that 
“ the formation of closed chains is obviously the pheno- 
menon which can throw most lig*ht on the spatial arrang^e- 
ment of atoms. If a five- or six-membered chain closes 
easily with the formation of a rin", whilst one with more 
or fewer members does so only with difficulty or not at all, 
there must be definite spatial reasons for this difference.** 
The theory also indicated a new reason for the recog'nised* 
instability of unsaturated compounds such as elhylene 
and acetylene;^ ethylene may, in fact, be looked upon 
as a two-membered carbon ring. The four affinities of the‘ 
carbon atom as represented by the tetrahedron symbol 
form an angle of 109" 28' with each other. If two carbon 
atoms are united by a single bond the directions of the 
tw'o affinities which link the two portions of the molecule 
fall naturally into line, but this must cease to be the case 
in the multiple linking of carbon atoms or in the formation 
of cyclic compounds. The direction of the valencies must 
then be deflected from their normal position, with the result 
that a condition of strain must arise proportional to the 
extent of the deviation. Regarding the carbon atoms in 
all such compounds as situated in one plane, the extent to 
which the affinity of each carbon atom is deflected from 
its normal direction in the various unsaturated and cyclic 
compounds can be calculated, with the following results: — 


CH, CH 

CH^ 

CH„— CH, 

1 1 ■ 

II III 

/\ 

CHg. CH 

CHj— CHj 

CH 2 — CH 2 

Ethylene. Acetylene. 

Trimethylene. 

Tetramethylene. 

+ 9 ° 44' 

+ 54 ° 44' + 7 o'’- 32 ' 

+ 24° 44' 

CHa 

CHj 

CH, 

/\ 

/\ 

/\ 

CHo CH. 

CH 2 CHa 

CH, CH, 

I I 

CHg— CH 2 

1 1 

CHi, CH» 

\/ 

CH, 

1 1 

CH 2 CHg 

1 1 
CHa—CHg 

Pentamelhjrlene. ■ 

Hexamethylene. 

H eptamethy lene. 

+ 0’ 44' 

-s' 16' 

-9“ 33' 


' Cf, Chap. iv. p. 52, 
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The figures lead in the first place to an accurate con- 
ception of a fundamental difference between single and 
double linking; further, to a good reason for the instability 
of unsaturated hydrocarbons, especially such as contain 
a triple link. This condition of strain in acetylene and 
its derivatives is a factor of importance in regard to their 
explosibility.^ The tension in such compounds is at once 
relieved ^in the formation of addition products, which is 
their special characteristic, and the relative ease with 
which the latter result receives a very plausible explanation 
from these considerations. 

Turning to cyclic compounds, a closed chain of five 
carbon atoms should form most readily and be most stable ; 
with three or four carbon atoms the tension is greater, 
with six or seven ^ it changes its sign. The relative 
stability of these cyclic compounds is fairly, but not fully, 
expressed by these figures. Hexamethylene rings are in 
general the most stable of the cyclic combinations, being 
in almost all cases even more readily formed and more 
stable than pentamethylene rings, as shown by thermo- 
chemical data, 2 but if it be taken into account that like 
atoms have in general a certain repulsion for one another, 
it is not difficult to understand the relatively greater 
stability of the six-membered rings. Experiments on the 
velocity of ring-formation, however, point to a greater 
stability of five-membered rings. ^ As the number of 
carbon atoms in a ring increases beyond six the tension 
and instability will increase too; hence, seven-membered 
rings are less stable than six-membered, and octamethylene 
rings are formed only with difficulty. Nine-membered 
carbon rings have not as yet been prepared, and it is 
doubtful whether they are capable of existence.^ 

The marked stability of the six-carbon-atom nucleus of 
benzene is not explained by the tension theory ; as yet its 
applications are limited to saturated cyclic compounds. 

Another form of intramolecular strain which has been 
already referred to is the ** steric hindrance to chemical 

^ C/, Chap. iv. p. 47. 

® Stohmann, Berich/e, 1892, xxv. (Abstracts), 496. 

^ Menschutkin, /. Ckem, Soc,, 1906, Ixxxix. iS 3 ^* liollemann and 
Voerman, Chem. Centr,^ 1904, ii. 787. 

* ty. Chap. V. p. 6a 
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reactions which is caused by the presence of certain 
groups.^ The numerous data which have been accumu- 
lated on this subject will doubtless be of assistance in 
elucidating the spatial arrangement of the atoms in the 
molcctdes of organic compounds. 

In concluding this review of the deductions that have 
followed from the stereochemical theory of the carbon 
atom, the relation of optical activity to the origin of 
petroleum may be .mentioned. In considering the Ividence 
in favour of the vital origin of petroleum Walden has 
pointed out that the fact that optically active hydrocarbons 
occur in petroleum is a proof that it must have been 
formed by the decomposition of animal or vegetable pro- 
ducts, especially the latter; such products would, in many 
cases, contain optically active constituents, and thus give 
rise to optically active hydrocarbons. The decompo- 
sition of carbides, on the other hand, would not result in 
the formation of optically active hydrocarbons.® This 
view has recently received interesting support from the 
discovery by Lewkowitsch^ that optically active hydro- 
carbons can be produced by distilling glycerides of 
optically active fatty acids in presence of zinc dust. 

Asymmetric Optically Active Compmmds of Silicon ^ Tin^ 
Sulphur^ and Selenium.^-=-CoLrho\x is the initial element in 
the fourth group of the periodic classification. All the 
elements of the group — carbon, silicon, germanium, tin, 
lead, titanium, zirconium, and thorium — are quadrivalent, 
and their compounds .show many similarities to those of 
carbon in their properties and general chemical behaviour. 
It is, therefore, a matter of very great interest that the 
existence of optically active compounds of two of these 
elements, tin and silicon, has been established. The 
discovery of the active tin compounds is due to Pope and 
Peachey,^ who succeeded in preparing the first compound 

* Cf. Chap. viii. p. 159. 

^ Cf» Chap. vii. p. 106. 

® Berichte^ I907, x 1 . 4161. 

* Cf, A. W. Stewart, Slertockemistry^ pp. 1 15-120. Also “Die 
optisch aktiven Verbindxingeh des Schwefel-s, Selens, Ziiins, Siliziiims 
und StickstofTs,” hy M. Schedtz; Sammlun^ them, und them, techniseher 
Vortrdge, 

* Proc* Chem. Sot,, 1900, pp. 42 and 116. 
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of tin in which the metal is linked to four different groups, 
viz. : — methyl-ethyl-propyl tin iodide : — 


CHg. /C 

^Sn<^ 

CgH/ \l. 


CgHy 


Methyl-cthyl-propyl tin iodide. 


By acting on this iodide with the silver salt of the 
dextro-rotatory camphor sulphonic acid referred to above, 
methyl-ethyl-propyl tin dextro- camphor sulphonatc is 
obtained, which on evaporation of its aqueous solution 
separates the dextro-rotatory cnantiomorph. This reso- 
lution of the initially formed racemic combination is very 
remarkable. It is due to the slight solubility of the 
dextro-salt, combined with the fact that the Imvo-salt left 
after the initial separation of its antipode racemises as 
evaporation proceeds; the less soluble dextro-salt again 
separates, and this continues until all the water has been 
expelled. The proof of the existence of optically active, 
enantiomorphously related tin compounds leads to the 
tetrahedron symbol as the representation of the space 
configuration for all quadrivalent tin compounds. 

The isolation of optically active silicon compounds has 
recently been achieved by Kipping,^ who has prepared an 
asymmetric silicon derivative with the help of the Grignard 
reaction,^ namely, the disulphonic acid of ethyl-propyl- 
benzyl silicon alcohol : — 

\Six 

\OH 

Ethyl-propyl-benzyl silicon alcohol. 


This acid was combined with an optically active base, 
methyl-hydrindamine, and on crystallisation a dextro- and 
a laevo-compound were isolated* Asymmetry is, therefore, 
no longer a characteristic of. carbon alone, and there is no 
reason why compounds of other elements of group IV. of 
the periodic classification, such as lead, should not also 
show enantiomorphous relations. 

The interest associated with the discovery of asymmetric 

^ y. Cfum, Soc , 1907, xci. 209 ; 1908, xciii. 198, 439, 457. 

* Cy. Chap. xi. p, 253. 
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optically active compounds of sulphur^ and selenium*^ is 
equally great, tlere again a quadrivalent atom is attached 
to four different groups, to form an asymmetric molecule: — 


CHg^ ^CHg-COOH CH3V XHg.COOH 
qh/ ^Cl. C,U/^C\. 

Methyl-ethyl-thctine chloride. Methyl-phenyl-sclenitine chloride. • 
CHj, s. /CH2.COQH0 

“Ns/ 

QH/ \a. 

Melhyl-ethyl-phenacyl thetine chloride. 


Dextro- and laevo-rotatory derivatives of these com- 
pounds have been isolated from the initially formed, 
externally compensated combinations, in a similar manner 
to that adopted in the case of the tin compounds. The 
existence of enantiomorphously related compounds of 
sulphur and selenium points also to the acceptance of 
the tetrahedron as the symbol for the configuration of 
these elements, in those compounds in which they function 
as quadrivalent atoms; the sulphur or selenium is to be 
regarded as situated in the centre of the tetrahedron just 
as with carbon, their four affinities being directed towards 
the four solid angles. 

The Stereochemistry of Nitrogen ,^ — In 1882 Victor Meyer 
discovered a general reaction for aldehydes and ketones, 
which has led to an important development of stereo- 
chemistry. He found that these substances react with 
hydroxylamine, a molecule of water being eliminated in 
the combination. In the case of benzaldehyde, for instance, 
the reaction takes place as follows : — 






S'iO 


Benzaldehyde. 


N.OH - C«Hj.CH:N.OH + HjO. 


HydroxylamiDe. Benzaldoxime. 


^ Pope and Peachey, /. Ctum, Soc,^ 1900, Ixxvii. 1072. Smiles, /. 
Ch^m. So€,, 1900, Ixxvii. 1174$ nhd 1905, Ixxxvii. 450. 

^ Pope and Neville, /. Ckem, Soc.^ 1902, Ixxxi. 1552. 

* review of this subject Is given in the ^riiish Association Reports^ 
1904, p. 160, ** The Stereochemistry of Nitron,” by H. O. Jones. Cf 
also S^oltx, ioc, cit. 
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The resulting compounds called oximes^ some of which 
are liquids, others solids, are easily separated, and often 
serve for the isolation and especially for the idenlihcation 
of aldehydes and ketones.^ A few years later (1887) 
Beckmann prepared an isomer of this benzaldoxime, whilst 
meanwhile unexpected conditions of isomerism had been 
observed amongst the oximes of a somewhat more complex 
Compound, benzil. At first, attempts were made to account 
for the existence of these isomers by a difference in the link- 
ing of the constituent atoms and the experimental results, 
though certainly very puzzling, were somewhat favourable 
to this view. But the ^ease with which they changed into 
each other was inconsistent with this idea, and the analogy 
of such changes to those pbserved amongst stereochemical 
isomers led to an attempt to explain the isomerism of the 
bcnzil oximes by reference to the stereochemical relations 
of two of the contained carbon atoms. This view, how- 
ever, had to be abandoned because it only gave a partial 
explanation of die facts, and led to erroneous conclusions 
in the case of ctosely allied substances. 

The more the experimental investigation of this group/ 
of compounds was pursued, the more involved did the 
isomeric relations become, until in 1890 Hantzsch and 
Werner'* suggested a solution of the problem which has, 
as yet, proved thoroughly satisfactory. This solution is 
to be regarded as a development of the van't Hoff- 
Wislicenus stereochemical theory, applied to the nitrogen 
atom. Nitrogen is tervalent in ammonia and many other 
simple derivatives. In such compounds the direction of 
the three valencies of the nitrogen atom are most probably 
symmetrically situated and in the same plane as the centre 
of gravity of the nitrogen atom itself; otherwise, two 
isomeric compounds of the type N.a.^.c. should exist, 
related to each othe^ in the same way as molecules con- 
taining an asymmetric carbon atom. Such a relation is 
shown in the following projection formulae, but all attempts 
to prepare asymmetric tervalent nitrogen compounds have 
be6n unsuccessful^: — 

^ Cfi, Chap. xi. p, 261. 

^ “ RaumJiche Anordnu^ in Stickstoffh^ltigen MoleciUen,” 

1890, xxiii. II. 

^ Cf, Kipping and Sal way, /. Ch$m, 1904, Ixxxv. 438. 



320 


MODERN ORGANIC CHEMISTRY. 


N 




/ 1 \ 


V 
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N 




/I\ 




b 

ID 


In certain compounds, however, the direction of these 
affinities must be deviated from their normal position, on 
the basis of the stereochemical theory of the carbon atom, 
because many instances of nitrogen compounds are known 
in which the nitrogen atom takes the place of the tervalent 
group, CH, in a corresponding carbon compound. The 
simplest example of this is seen in the relation of acetylene 
to hydrocyanic acid : — • 

CH CH 

III III 

CH N. 


Acetylene. 


Hydrocyanic acid. 


It is still more evident in cyclic compounds, such as 
pyridine and quinoline. In such cases geometrical 
isomerism is as fully precluded as in the case of acetylene 
itself. But the extension of this comparison to doubly- 
linked carbon atoms leads to the indication of geo- 
metrical isomers, in which the stereochemical differences 
are dependent upon the nitrogen atom, the substituent 
of the CH group. If, for instance, in a compound 
X — CH = CH — Y, one CH group be replaced by nitrogen 
to form X — CH = N — Y, then a stereochemical difference 
arises, which may be represented in the plane of the^aper 
thus: — 


H— C—X H-C— X 

II II 

H— C— Y N— Y 


H— C— X 

II 

Y— N 

II. 


This idea was expressed by Hantzsch and Werner as 
follows: — certain compounds the three valencies of 
the nitrogen atom are directed towards the angles of a 
tetrahedron (of course, Irregular), tite fourth angle of which 
is octupied by the nitrogen atom itself.*^ A representation 
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of this view, as shown on the models, which here ajjain 
materially simplify the study of the subject, takes the 
followings form for compounds of the type pven above: — 



The existence of two oximes of benzaldehyde is readily 
accounted for from this standpoint: — 


QH,— C-H 

II 

HO— N 

Anti-benzaldoxime. 


II 

N.— OH 

Syii-bcnzaldoximc. 


the prefixes syji and anti being used to indicate this 
stereochemical difference. The ordinary and first known 
form of the oxime of benzaldehyde is a strongly refractive 
liquid, which can be crystallised by cooling, and then melts 
at 34®* The isomeric compound melts at a much higher 
temperature, i28®-i3o“; when heated it changes into the 
liquid form, and this also occurs on allowing its alcoholic 
solution to stand at the ordinary temperature. In assign- 
ing the relative configuration to these isomers, the greater 
stability of the compound of low melting point indicates 
that it is most probably the anti-modification, and this is 
confirmed by the fact that the less stable (labile) isomer 
very readily parts with a molecule of water to form 
benzonitrile, thus: — 




N— jOH 

Syn-bcnzaldoxime. 


CoH^-C 


N 


iH 


llenzonitrilc. 


Other considerations confirm these configurations. 

Compounds contalnihg two carbonyl groups, such as 
benzil, can give rise to double oximes, or dioximes, and 
. 21 
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the theory of Hantzsch and Werner indicates the possi- 
bility of three stereochemical isomers amongst such com- 
pounds. In the case of benzil ail three are actually known, 
and their configuration, which is in accord with their 
relative -stabUity, has been allotted by somewhat complex 
but quite satisfactory methods. 

Although all the isomers indicated by the Hantzsch- 
Werner theory have not proved capable of isola^on, the 
theory itself has proved a fruitful and successful incentive 
in the study of organic compounds, and, despite a con- 
siderable amount of controversy and opposition, may be 
regarded as generally accepted in so far as it relates to 
the oximes. Amongst other analogous groups of com- 
pounds similar stereochemical relations have naturally 
been looked for, and in many instances successfully. This 
has been especially the case in the diazo-group, in which 
many remarkable and involved isomeric relations are 
known ; some of these are explained by structural 
isomerism,^ but others can only be satisfactorily accounted 
for by the Hantzsch-Werner hypothesis of the stereo- 
chemical relations of the contained nitrogen atoms. The 
analogy between the diazo-compounds, the oximes and 
the derivatives of ethylene, substances which thus show 
similar conditions of geometrical isomerism, is seen in 
the following formulas : — 

CoH^.NiN.OH QHj.CHrN.OH QHs.CHiCH.OH 

Diazobenzene hydroxitle. Benzaldoxime. Phenyl-vinyl alcohol. 

As can be easilyunderstood, stereochemical isomerism 
may offer a tempting haven of rest to the investigator, 
and for this very reason more care than ever is necessary 
to-day in deciding the method of linking of the atoms in a 
molecule. The newer theories of stereochemical isomerism 
have given an immense impetus to all inquiries regarding 
the structure of compounds, but they involve corresponding 
responsibilities which must not be overlooked. 

Asymmetric Optically Active Nitrogen Compounds . — 
When a tervalent nitrogen atom becomes quinquevalent, 
as in the formation of ammonium and organic ammonium 
compounds,^ there is good reason to believe that this 
change of valency is accompanied by a change in the 

^ Cf. Chap. X. p. 21 1. Cf. Chap. x. p. 202. 
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valency directions of the atom. This view applies also 
to the passage of divalent tin, sulphur and selenium to 
quadrivalent combination, and It is supported by the 
discovery that when five different substituting groups are 
attached to an atom of nitrogen, the compounds show 
asymmetric relations similar to those observed with com- 
pounds containing an asymmetric carbon atom. Nitrogen 
compoiyids of this type have been known for some time, 
but attempts to resolve them by means of acids, such as 
tartaric or camphoric, were unsuccessful. By the action of 
ferments, Le Bel succeeded, in 1891, in effecting a partial 
separation of methyl-ejhyl-propyl-butyl ammonium chloride 
into its optical antipodes,^ but the optical activity was so 
slight that the result did not meet with general accept- 
ance. By the application of dextro-camphor sulphonic 
acid, however, ihc resolution of methyl-allyl-phenyl 
benzyl-ammonium iodide,* and subsequently of other 
similarly constituted compounds* has been effected : — 


CH3 

C3H 



C7H 


5 

r 


Mcthyl-allyl-phenyl-benzyl-ammonium iodide. 


By treating this iodide, which is, of course, obtained 
initially in an inactive form, with the silver salt of dextro- 
camphor sulphonic acid, the </-B.</.A and /-B.c^.A com- 
pounds are got, which can be separated by fractional 
crystallisation from a suitable solvent and then converted 
into the respective iodides, d^B and /-B. These and other 
salts of this quarternary nitrogen base are optically active, 
and show the antipodal relations of compounds containing 
an asymmetric carbon atom, both in respect to their action 
on polarised light and In their crystallographic relations. 

^ The inactive combination is, however, not a racemic 
compound, but either a mechanical or pseudo-racemic 
mixture of the two component salts. 


1 C^npies, rend.y 1891, cxii. 724; 1899, cxxix. 548. Berichte^ 1900, 
xxxiii. X003. 

® Pope and Peachey, /. Ckem, Soc,^ 1899. Ixxv. 1127; Pope and 
Harvey, /. Chem, Soc,^ Ixxix. 828. 

> Cf, H. O. Jones, /. Chem, See,, 1904, Ixxxv. 223; and 1905, Ixxxvi. 
135 - 
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This important discovery of asymmetric quinquevalent 
nitrogen compounds proves that the valencies of the 
contained nitrogen atom cannot lie in one plane. A 
number of stereochemical configurations have been sug- 
gested to represent quinquevalent nitrogen, but none of 
these can, as yet, be accepted with anything approaching 
the confidence that is given to the tetrahedron symbol for, 
carbon. Apart from the optically active nitrogeyr com- 
pounds referred to above, several instances of isomerism 
amongst other nitrogen compounds are known which 
appear to be best accounted for on the basis of stereo- 
isomerism, ^ but much further investigation is necessary 
before the full story of the stereochemistry of nitrogen is 
determined. Meanwhile, some of the fundamental con- 
ditions that must be satisfied by any configuration for the 
nitrogen atom may be stated. No quinquevalent nitrogen 
compound is known containing either five hydrogen atoms 
or five alkyl radicals ; at least one halogen atom or other 
electro-negative group is always present in such com- 
pounds, as shown in the following examples : — 

NH4CI. Ammonium chloride. 

N (CH3)4C1 . TetramethyUammoniwn chloride. 

CQHg.NHgCl. Phenyl-amfnonium chloride. 

C3H5.N2CI. PhenyUdiaso 7 iium chloride. 

This experimental observation is consistent with the 
fact that five equivalent points cannot be symmetrically 
arranged around one point, and must be satisfied by 
any space formula for quinquevalent nitrogen. It is also 
necessary to account for the existence and formation of 
the asymmetric isomers. Of the various formulae that 
have been proposed the pyramidal configuration sug- 
gested by Bischoff^ appears to be the most satisfactory. 
The nitrogen atom is regarded as situated in the centre 
of a pyramid on a square base, the five solid angles of 
which are occupied by the elements or radicals with which 
it is in combination ; of these angles, the apex is occupied 
by the electro-negative group (Cl. Br., etc.); — . 

^ Cf. H. O. Jones, Briiish Association /to/orts, 1904, p. 160, 

* BerichtOt 1890, xxiii* 1792. 
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Cl 



Pyramidal formula for quinquevalent nitrogen compounds. 

This representation! aided by some assumptions as to 
the mode of formation of quinquevalent from tervalent 
nitrog-en compounds^ can account for all the isomeric 
relations that have hitherto been observed, but it also 
provides for other possible isomers that are as yet 
unknown.^ 

Nitrogen heads the fifth group of the periodic system, 
and it is not unnatural therefore to look forward to the 
discovery of optically active molecules amongst the com- 
pounds of the remaining elements of the group, more 
especially among'st those of phosphorus and arsenic. 

The elucidation of the atomic structure of compounds 
from definite stereochemical considerations, which began 
in 1874, was restricted to carbon compounds until 1^0. 
This method of study has since been successfully extended 
to the compounds of nitrogen, silicon, tin, sulphur, and 
selenium, and there is little doubt but that it will throw 
light on the structure of the compounds of many other 
elements in the near future. Additions to the methods 
for the recognition of asymmetry and for the differentiation 
of stereo-isomers will constitute the greatest aid in the 
further investigation of stereochemical isomerism. 

^ Cf, H. Jones, British AsiMiation Reports^ loc. cil. ; and J, Chem, 
Soc,, 1905, Ixxxvii. 1721. 
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The Carbohydrates. 

The Chemical nature and Reactions of the Sugars. — Division into 
aldoses and ketoses — The action of phenyl hydrazine upon 
aldoses and ketoses. 

The Synthetical preparation of Sugars. 

The Stereochemistry o) the Sugars. — The relation of the configura- 
tion of sugars to the action of ferments. 

The Di hexoses. — Saccharose, lactose, and maltose; their relation 
to the hexoses. 

The Building up of Carbohydrates in plant cells. 

The term sugars ” was originally applied to a number of 
naturally-occurring organic compounds which contained 
six or a multiple of six carbon atoms, and which were 
characterised by such properties as sweetness, carbonisa- 
tion upon heating with the formation of caramel,” 
optical activity, and the capacity of being decomposed by 
ferments, such as yeast, with the formation of alcohol and 
carbonic acid. These characteristics as typified in the 
best-known members of the group — grape sugar, fruit 
sugar, cane sugar, and milk sugar — were regarded as the 
criteria for the inclusion of compounds in the sugar group. 

The group was further recognised as a member of the 
division of organic compounds known as the Carbohydrates^ 
a division which included, in addition to the sugars, starch, 
cellulose, and gums. Their generic name was derived 
from the fact that they are compounds of carbon, hydrogen, 
and oxygen, in which the two last elements are present in 
the same proportion as in water; they have the general 
formula CmHanOn- The term carbohydrates, although still 
retained to include the above groups of compounds, lacks 
accuracy in being both too general and too exclusive. 
Compounds are known having the empirical composition 
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of the carbohydrates which are quite distinct in their 
chemical character, whilst others, which have not this 
empirical composition, should be included in virtue of their 
Structure and reactions. 

A more accurate classification of the group of carbo- 
hydrates has been necessitated by the great additions that 
have been made to the scope of the sugar group. These 
'additions have consisted chiefly in the preparation of com- 
pounds* by synthetical methods, which have served to 
determine the structure and the full genetic relations of the 
simpler sugars. While some of these possess, to a greater 
or less extent, the characteristic properties of the naturally 
occurring sugars, ana are similar in their chemical struc- 
ture, others are quite distinct in their chemical nature, but 
closely related on account of the reactions, by means of 
which they can be converted into or obtained from the 
former. The sugar group must now be regarded as 
including all these compounds. 

In respect to the other members of the carbohydrate 
group, the starches, cellulose, and gums, comparatively 
little is known of their structure or of their exact place in 
the division of organic compounds. They are amorphous 
products of high molecular weight, closely related to the 
sugars, into which many of them can be converted both by 
the action of ferments and by chemical agencies. They 
have been the subject ot many important investigations, 
but as yet these studies, apart from those of a technical 
bearing, have been chiefly concerned with their relations 
to the simpler sugars. Now that the knowledge of the 
latter is well developed, that of these more complex carbo- 
hydrates is likely to be successfully extended. 

The present knowledge of the structure of the sugars is 
chiefly due to the epoch-making researches of Emil Fischer, 
which were commenced some twenty years ago. Up to 
that time only six of the simpler sugars were known, all 
products from either the animal or the vegetable kingdom ; 
now no fewer than fifty-two have been identified, of which 
seven are natural products. 

In order to give a review of the present knowledge of 
the sugar group, without entering into details of the char- 
acteristics of the individual members, the general chemical 
nature and reactions of the sugars will be first considered ; 
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this will be followed by some account of the synthetical 
methods for their preparation and an outline of their 
stereochemical relations. The chapter will conclude with 
a reference to the building- up of carbohydrates in the cells 
of plants.^ 

The Chemical Nature and Reactions of the Sugars. 
Division into Aldoses and Ketoses. — The natural sugars, 
glucose or grape sugar, and fructose or fruit sugar, have 
both the molecular formula They can *be con- 

verted into penta-acetyl compounds, and therefore contain 
five hydroxyl groups, ^ each of which has been satisfactorily 
shown to be attached to a separate carbon atom in the 
molecule. Upon reduction they each take up two atoms of 
hydrogen to form a hexahydric alcohol according to the 
equation: — 

4 - H2 = 

The latter has been proved to be the hexahydroxy- 
derivative of normal hexane, and has the following 
structure : — 

CH2OII.CHOH.CHOH.CHOH.CHOH.CH2OH. 

These reactions lead to two probable formulae for glucose 
and fructose: — 

I. CH.pH.CHOH.CHOH.CHOH.CHOH.CHO. 

II. CH2OH.CHOH.CHOH.CHOH.CO.CH2OH. 

1 . represents an aldehyde-alcohol, II. a ketone-alcohol; 
either would give a hexahydric alcohol upon reduction.? 

These formulae were not differentiated until Kiliani 
(1885-87) proved that glucose and fructose differed in 
their oxidation products, and in the compounds that 
result from the hydrolysis of their addition products with 
hydrocyanic acid. 

The latter changes are the more instructive. Like all 

' A full account of the sugars will be found in the following works :<~ 

Les Sucres el lews principaux dirivh^ Maquenne, 1900. 

Die Chemie iter ZuclerarleUf Lippmann, 1895. 

A'urzes liandbuch der KohknhydrcUe^ Tullcns, second edition. iSg%, 

' C/, Chap. viii. p. 144. 

® Cy, Chap. viii. p. 155. 
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aldehydes and ketones, those sugars form cyauhydrins, 
from which acids are obtained by the action of mineral 
acids or of alkalis. ^ The acids that result thus from 
glucose and fructose differ in their structure; that from 
the former is converted into normal heptylic acid by the 
reduction of the contained hydroxy-groups, whilst that 
from the latter yields an isomer, methyl-butylacetic acid. 
Ft was thus proved that both the above formulae are repre- 
sented ill the sugar group; glucose is an aldehyde-alcohol, 
fructose a ketone-alcohol. These changes, which are 
represented in the following formulae, prove in addition 
the presence and position of the aldehyde and ketone 
groups respectively in\hesc two sugars: — 


CHjOH 

CH^H 

1 * 

CH^H 

CH, 

(CHOH)^ 

1 

- (CHOH)^ 

j 

-> (CHOII)^ 

— (cih), 

1 

1 

CHO 

1 /OH 
CH< 

CHOH 

CH, 

1 ^ 


V'N 

1 

COOH 

COOH 

Aldehyde-alcohol 

(Glucose). 

Glucose 

cyanhydrin. 

Hexahydroxy- 
hcptylic acid. 

IJcptylic 

acid. 

CHgOH 

CH„OH 

j ^ 

ca,oii 

1 ^ 

CH, 

(CHOH)^ 

(CHOH), 

(CHOH), - 

j 

-> (CH,), 

1 


1 yOH 

1 /OH 

1 \COOH 


CO 

1 ^CN 

CH.COOH 

1 

CH 2 OH. 

CH^OH 

CHjjOH 

CH,OH 

Ketone-alcohol 
(F ructose). 

Fructose Ilexahydroxy Methyl-butylacetic 

cyanhydrin. methyl-butylacelic acid. acid. 


This differentiation, which is confirmed by other re- 
actions, forms the basis for the classification of the whole 
of the sugar group. The termination ‘‘ose” has been 
chosen for the nomenclature of these compounds; the 
aldehyde-alcohols are called aldoses^ the ketone-alcohols 

^ Cf, Chap. viii. p. 138. 
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ketoses. Since both glucose and fructose contain six 
carbon atoms, they are called an aldo-hexose and a keto- 
hexose respectively. The synthetical methods for the 
preparation of the sugars have led to the isolation of 
ketoses and of aldoses containing both more and fewer 
than six atoms of carbon; to all of these a similar 
nomenclature is now applied. A sugar containing two 
atoms of carbon is known as a “ biose,” one with three as 
a “ triose,” and so on. • 

This classilication is exemplified in the following 
table : — 


Uhses* 

Triosis. 

Tetroses. 

Pentosiu 

Hexoses. 


CII2OH.CHO, AWose. 

CH3OII.CirOil.CHO. Aldose. 

CH3OH.CO.CH2OII. Keto.,e. 

CH3OH.CHOH.CHOII.ClIO. Aldose. 

CH2OH.CHOH. CO.CHgOH. Ketose. 

CIIoOH.CHOH.CIIOH.CHOir.CIlO. Aldose. 

CHaOH.CHOn.CHOIl.CO.CHaOH. Ketose. 


CHjOH.CHOH.CHOH.CHOH.ClIOU.CHO. Aldose. 
CH3OH. C HOH. CHOH. CIIOII. CO. CII2OH . Kelose. 


(Olycollic aldehyde) 

(Glyceryl aldehyde) 

(Dihydroxy-acetone) 

(Erythrosc) 

(Erythnilosc) 

(Arabinosc) 

(Arabinulose) 

(Glucose) 

(Fructose) 


All these compounds, with the exception of the biose, 
glycollic aldehyde, and the keto-triose, dihydroxy-acetone, 
contain one or more asymmetric carbon atoms, the aldose 
in each case containing one more such asymmetric atom 
than the corresponding ketose. Hence, stereochemical 
isomerism arises in this group, and these isomeric relations 
become more complex, of course, with an increase in the 
number of asymmetric groupings present in the molecule; 
in the hexose group sixteen stereochemically isomeric 
aldoses and eight ketoses are theoretically possible. 

The hexoses are by far the most completely studied 
compounds of the sugar group, and all the important . 
reactions of the sugars were first investigated with and 
applied to these compounds. It will suffice, now that the . 
chemical nature of the simpler sugars has been explained, ^ 
to consider their further reactions in respect to the typical 
atomic groups of the aldoses and the ketoses, viz. : — 

— CHOH.CHO. -CO.CH2OH. 

Aldose group. Ketose group. 

Both ajdoses and ketoses are very soluble in water, 
sparingly soluble in alcohol and insoluble in ether ; their 
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solubility in water increases with the number of hydroxyl 
groups present in the molecule. Although fairly easily 
crystallised when pure, their crystallisation is greatly 
* hindered by the presence of other products in their 
solutions, and consequently they are extremely diificult 
to isolate in a state of purity ; also they are but weakly 
acidic in character, so that methods of isolation by means 
of metallic salts are but seldom available. This difiiculty 
of separation and purification was for a long time the 
stumbling-block in their investigation. It was removed 
by Emil Fischer’s discovery (1887) that almost all sugars 
form well-defined cr3'stalHne compounds with phenyl 
hydrazine, a discovery which marked the beginning of 
his investigations in this group. 

The Action of Phenyl Hydrazine upon Aldoses and 
Ketoses , — Phenyl hydrazine is the phenyl derivative of 
hydrazine or diamide ; it reacts with all aldehydes and 
ketones, on somewhat similar lines to hydroxylamine, to 
form stable and, usually, sparingly soluble compounds, 
called hydrazones.^ The reactions with acetaldehyde and 
acetone are represented by the following equations: — 


CH3.C^ 


H 


O 


+ .HjjN.NH.CoH, 


Acelaldehyde. Phenyl hydrazine. 



Acetone. 


= CH3.CH : N.NH.C3H5. + H.p 
Acetaldcbyde-phcnyl hydrazone. 

H;,N.NH.CeHg 

Phenyl hydrazine. 


CH..\ 


CH / 


C:N.N1I.C6H,+ Il.p 


Acetone-phenyl hydrazone. 


Aldoses and ketoses behave similarly, but most of the 
hydrazones formed are very soluble in water and difficult 

Cf, Chap. xi. p. 261. 
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to crystallise ; they offered, therefore, but little help in the 
study of the sugar group. Fischer found, however, that 
by further reaction with phenyl hydrazine the sugars formed 
sparingly soluble, crystalline compounds which were readily 
isolated, and it is these that have been of such value in 
the investigation of the group. They result by the action 
of a second molecule of phenyl hydrazine on the originally 
formed hydrazone. The change is somewhat complex, 
but has been satisfactorily proved to proceeci on the 
following lines with the aldoses and ketoses respectively: — 


1 . Aldose, 


i. - CHOn.CIlO + H.^N.NH.C.H, 

Aldose group. Phenyl hydrazine. 

- — CHOU.CHiN.NH.CoHs + Rp 
Hydrazone. 

On warming the solution of the hydrazone thus formed 
with an excess of phenyl hydrazine the CH.OH group of 
the aldose is first oxidized to the CO group, the phenyl 
hydrazine being itself thereby reduced to aniline and 
ammonia ; the phenyl hydrazine then reacts with the 
carbonyl group which has been formed, to produce a 
double hydrazone called an osazone, 

ii. — CHOH.CH : N.NH.CcH^ + C^H^.NH.NH^ 

Hydrazone. 

= — CO.CH : N.NH.CfiHs -h + NH3. 

Carbonyl compound. 


111 . 


—qO:.CH ; N.NH.C^H5 + q,H5.NH^^ 


- — C.CH : N.NH.C^H,. 

II +H,0. 

N.NH.C„H5 

Osazone. 

II. Ketose. 


In the case of the ketoses the ketonic group first reacts to 
form a soluble hydrazone; the primary alcohol group of 
the ketose is next oxidised to the aldehyde group, which 



THE SUGARS. 


333 


then combines with the second molecule of phenyl hydra- 
zine to form the osazone. 

i. -CO.CH.OH -1 n,N.NH.c;;ll5 

Kclo.sc gioiip. C.C'fl.Ani 

II +H, 0 . 

N.NH.C^H^ 

Hydmzone. 

ii. — C.CHgOH 

II + QH5.NH.NH0 

N.NH.CcH5 

Hydrazonc. — C.CHO 

- Ij + C,H,.NH.-f-NII., 

N.NH.QH5 
Aldehyde compound. 

iii. -C.CHib + lJ0jN.NH.QH5 

N.NH.QH. 

— C.CHrN.NH.QHg 

II 

N.NH.Q.H5 +HjjO. 

Osazone. 

These osazones are the sparingly soluble, crystalline 
compounds which have served for the isolation of the 
sugars ; by virtue of their characteristic melting points 
they are also of great service for the identification of the 
sugars. 

It will be noted that in the above reactions the same 
formula results for both the osazone group of the aldose 
and for that of the ketose ; the products obtained, if the 
rest of the molecules is alike, are really identical, a point 
of importance in respect to the relative configuration of 
•the sugars. The difference between an aldose and a 
ketose may be restricted to the groups attached to the 
two end carbon atoms of the chain, a difference which is 
eliminated in the formation of the osazone. 

The osazones are decomposed by strong hydrochloric 
acid with the elimination of the phenyl hydrazine groups 
and the formation of a ketone-aldehyde, called an osone; 
glucose-osazone, for instance, is thus converted into 
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glucose-osone. The osones can then be reduced to 
ketoses ; they do not yield aldoses. The following 
formulce represent these changes in the case of glucose- 
osazone : 


CHaOH 

CH,OH 

CILOII 

1 

(CHOH)a 

j ' 

(CHOH)a 

1 

(CHOH)a 

t: = N.NH.C<.H5 

CO 

id 

iH-N.NH.CjHj 

1 

CHO 

1 

CHjOH 

Glucose-osazone. 

Glncose-osone, 

Ketose (Fructase). 


It is by these means that sugars can be obtained from 
their osones ; also, that an aldose can be converted into 
a ketose vid, their common osazone. Fructose hUs been 
thus prepared from glucose, as represented in the above 
formulae. 

The Synthetical preparation of Sugars . — As long ago as 
i86i Butlerow found that a product resembling sugar was 
formed by treatipg formaldehyde with lime-water ; it was 
obtained as a sweet syrup, and was not acted on by yeast. 
A similar substance was subsequently (1886) obtained by 
Loew, also from formaldehyde, whilst Grimaux prepared 
a product which had the reducing and fermentative 
properties of the sugars by the oxidation of glycerol in 
presence of finely divided platinum (1887). This was all 
that preceded Fischer’s investigations which date from 
1887. 

The first synthetical reaction employed by Fischer in the 
preparation of the sugars consisted in treating acrolein 
dibromide with sodium hydroxide ; a fermentable syrup 
was formed which proved to be a mixture of two com- 
pounds, both isomeric with glucose, and to which he gave 
the names a- and ^•acrose. The farmer was found to be' 
present in small quantity in the products obtained by 
Butlerow and by Loew from formaldehyde. The yield of 
these new compounds was extremely small and the initial 
material was not veify accessible. The niethod was 
improved by starting from glycerol, which gives a similar 
mixture upon oxidation with bromine water in presence 
of alkali. The first oxidation product is known as 
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glycerose ; it is a mixture of two compounds, gflyceryl alde- 
hyde and dihydroxy-acetone, 1 both members of the sugar 
group as trioses. This initial oxidation has already been 
* referred to;^ it is represented by the following formulaj: — 


C H.,OH 

CH.OH 

j " 

CH.,OH 

1 ^ 

j 

CHOH 

CHOH 

and CO 

j • 

CHgOIl. 

CHO. 

1 

CHjjOH. 

Glycerol. 

Glyceryl aldehyde. 

Dihydroxy-acetone. 


Under the influence of the alkali these two constituents 
of glycerose unite to form a hexose, which was isolated by 
means of its osazone, from which a ketosc was obtained by 
subsequent decomposition and reduction by the method 
already explained. This ketose is n-acrose. Its formation 
may be represented by the following equation : — 

CH2OH.CHOH.CHO + CH2OH.CO.CH2OH 

Glyceryl aMehyde. Dihydroxy-acetone. 

CHaOH.CHOH.CHOH.CHOH.CO.CHgOH. 

a-Acrose. 

Acrose is optically inactive ; upon reduction it behaves 
exactly like glucose and fructose, forming a hexahydric 
alcohol. 

Although this synthesis starts from a readily accessible 
compound, the small yield of the sugar obtained (about 
0.2 grams from i kilogram of glycerol) led Fischer to 
look for other methods of preparation. It is interesting, 
however, to note that the simplest member of the sugar 
group, glycoUic aldehyde, the only biose possible, can be 
converted intd^ a mixture t)f a- and /3-acrose by the pro- 
longed action of dilute alkali at ^ low temperature,^ a 
•reaction involving the ^polymerisation of three molecules 
of the biose: — 

sCHgOH.CHO = CfiHioOc. 

GlycoUic aldehyde. Acrose. 

i Jt— 

^ According to Wohl {JSencAU, 1900, xxxiii. 3095), glycerose consists 
almost entirely of dihydrdky-acetone. 

2 C/. Chap. viii. p. 156. 

3 Fenton,/. CAem. Sac., 1900, Ixxvii. 129, 
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Glycollic aldehyde has also been found as an intermediate 
product in the synthesis of sugars from formaldehyde.^ 

The later synthetical reactions employed by Fischer are 
of an extremely simple character, but their realisation in 
the laboratory necessitated most careful and laborious 
work, especially in respect to the isolation and identilica- 
tion of the resulting products. These reactions, which 
are restricted to the preparation of aldoses, consist in the 
formation of aldehyde-alcohols, either by the oxidation of 
the corresponding alcohols or by the reduction of the 
corresponding acids. The oxidation method was first 
employed in the preparation of a new sugar mannose^ by the 
action of dilute nitric acid on the . hexahydric alcohol 
mannitol, which occurs in the dried sap of the manna 
ash (Fraximis ornus) ; it takes place according to the 
equation: — 

CH,OH.(CHOH)4.CHoOH + O 

Mannitol. ^ = CH20H.(CH0H),. CHO + Hp. 

Mannose. 

Mannose bears the closest possible resemblance to 
glucose in its chemical behaviour, solubility and power 
of undergoing fermentation with yeast ; it is optically 
active, being derived from active mannitol, andits osazone 
is identical with that of glucose. Since its synthetical 
preparation, it has been obtained by the hydrolysis of the 
cellular tissue of many plants, such as the ivory-nut, the 
Norway spruce, and the white pine* 

The reduction method involves the previous preparation 
of the acids which are accessible from other aldoses, either 
by Kiliani’s reaction (p. 329) -or by direct oxidation. The 
former gives a means for ^cending the series of sugars, as 
expressed in the following equations, in which R repre^^ents 
an aldose radical : — 

>OH 

R— CHO + nCN = R— Cyanhydrin. 

Aldose. \CN 

.OH 

R— CH< +2H,p « R— ^^CHOH.COOH + NHg 

^CN Hydroxy- acid. . > 

R— CHOH.COOH + H 2 - R-^^CMOH.CHO + HgO 

Aldose. 

1 i9o6^-?ixxix. 45. 
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By this method pentoses have been converted into 
hexoses and the latter, successively, into sugars containing 
7, 8 and 9 atoms of carbon, the heptoses, ocioses, and 
nonoses. It is to be noted that in this reaction a new 
asymmetric carbon atom is introduced (marked with an 
asterisk) so that two new stereo-isomeric acids and alde- 
hydes can, and generally do, result. 

Thus, starting from arabinosc, a readily accessible 
pentose ^hich can be prepared from gum arabic, Fischer 
obtained two new sugars, a mannose and a glucose ; the 
former differs from the mannose obtained by the oxidation 
of mannitol in its optical activity, and is known as 
l-matmose, the latter is l-glucose^ and resembles ordinary 
grape sugar (r/-glucose) in everything except its action on 
polarised light. ^ Four hexoses {d- and /-glucose and 
d‘ and /-mannose) were available for continuing this reaction 
to the preparation of heptoses, octoses and nonoses, 
several of which have been successfully isolated. Since 
two new sugars are possible at each stage, the number of 
compounds that might thus be prepared increases rapidly 
with the ascent of the series. The reaction is also 
applicable, of course, to the lower members of the sugar 
group, from the biose, glycollic aldehyde upwards, nor 
can any limitation be set to the length of the aldose chain 
that might thus be prepared. Little interest, however, 
centres in such extensions of a general reaction unless the 
new compounds have some direct bearing on theoretical or 
practical problems. The latter have not as yet come 
within the scope of the synthetical sugars ; the former 
have been almost sufficiently exploited by Fischer’s studies 
in the hexose group audits immediate homologues. 

The preparation of 'the sugar acids by direct oxidation 
of aldoses and their subsequent reduction to new aldoses 
involves anlnteresting change dependent upon the asym- 
* metry of the sugar molecule. When glucose, for instance, 
is oxidised, it first forms a monobasic acid, gluconic acid; 

^ The prefixes ri and / do not refer to the actual direction in which the 
sugars rotate the plane of polarised light, but to their genetic relations. 
All compolinds derived from ordinary glucose arc prefixed c/; its osazonc 
and the derived kotose ^ordinary fruit sugar) are known as df-glu'cosazone 
and ^-fructose, although both are laevu-rotatory. In this connection 
compare KosanofT, /. Ckem, Sq€,^ 1906, xxviii. I14« 
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this is the characteristic change for any aldehyde upon 
oxidation. On further oxidation the primary alcohol group, 
CHgOH, which is situated at the opposite end of the chain 
to the aldehyde group, is oxidised to carboxyl, and a 
dibasic acid, saccharic acid, results. These changes are 
represented by the following formuhe: — 

CH,OH COOH 

I ' i ' I 

{CH0H)4 — ^ (CHOH)^ (CHOII)^ 

CHO COOH COOH. 

Glucose. Gluconic acid. Saccharic acid. 

When saccharic acid is reduced under suitable conditions, 
the above changes are reversed, in so far as a monobasic 
acid and an aldose arc formed successively, but these are 
not identical with the previous compounds. The reduction 
takes place at the opposite end of the chain to that 
originally attacked ; fust a new acid, isomeric with gluconic 
acid and called gulonic acid, is formed, and then a new 
aldose, gulose, as follows : — 

COOH COOH CHO 

1 I -.1 

(CHOH)^ (CH0H)4 -i- (CH0H)4 

COOH CHjOH,^. CHjjOH 

Sacchiiric acid. Gulonic acidr Gulose. 

The difference between gluconic and gulonic acids, and 
similarly between glucose and gulose, will be apparent 
when the stereochemical relations t>f the aldoses of the 
hexose group are considered. By the application of this 
reaction to d- and /-glucose Fischer obtaihed r/- and l-gulose. 
With grape sugar (^-glucose) and arabinOse as the 
starting-points, five new sugars were thus prepared. 
Galactose^ the product of hydrolysis of milk-sugar and 
other carbohydrates, is also an aldo-hexose, so that 
together with ^/-glucose sev^n of the sixteen theoretically 
possible compounds of this group were accounted f6r. A 
further reaction of Fischer's added three more isomers. 
When the oxidation product of glucose, gluconic acid, 
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is heated with a little pyridine or quinoline, it is partially 
converted into an isomeric acid, mannonic acid; the 
chang-e, which is similar in character to the conversion of 
dextro- or laivo-tartaric acid into meso-tartaric acid by 
heating, is reversible, and mannonic acid can be similarly 
converted into gluconic acid. A new acid, idonic acid, 
can be similarly obtained from gulonic acid, and upon 
reduction it forms a new sugar, idose. Hoth d- and Uidose 
were thfls prepared from r/- and /-gulose, and a third 
additional sugar, d~talose^ from rf-galactose. Finally, 
/-galactose was prepared from rZ-galactose by a somewhat 
complex series of reas;tions, and converted by the above 
reaction into l-taLose^ thus bringing up the total number of 
sugars to twelve out of the sixteen possible isomers, 
viz, : — 

rf- and UCtliicosc, d- and l-Idose, 

d- and UMannose. d~ and l-Galaclosc^ 

d~ and l-Gulose. d- and l-Talosc. 

The methods for obtaining the remaining four aldo- 
hexoses, and their relation to the other members of the 
group, are so clearlv indicated by Fischer’s work that their 
synthesis will doubtless follow on lines similar to those 
mentioned above. By the application of certain of the 
above reactions to the sugars containing five carbon 
atoms, the pentoses, Fischer has added two new sugars 
to this group. 

In addition, Wohl,^ and subsequently Ruflf,^ have dis- 
covered methods for descending the series of the sugars. 
Pentoses have thus been prepared from hexoses, and tetroses 
from pentoses ; the knowledge of the aldo-pentose group, 
which includes eight members, is in fact fairly complete, 
six of them being known, of which two occur in Nature. 

The ketoses, as already stated, can be obtained from 
the aldoses vi4 their osazones. So far this reaction has 
only been applied to the preparation of //- and l-fructosey 
but three other keto-hexoses — and Usorhosc and d-tagatosc 
— have been obtained by other means, so that five of the 
eight possible stereo-isomers are now known. 

The Stereochemistry of the Sugars. — The laboratory in- 

^ Beri < h 4 ey 1893, 73^; and 1899, xxxii. 3666k 

BerktUCy i8^, xxxii. 550 and 3672. 



340 MODEKN ORGANIC CHEMISTRY. 

vestig^ations of Emil Fischer, which have been the means 
of unravelling^ the complexities of the simpler sugars, find 
their complement in the insight displayed in assigning the 
stereochemical formula to each member of the group. It 
will be remembered that the isomerism of the sixteen 
uldo-hexoses is due to the spatial arrangement of the con- 
stituent atoms and radicals; it forms the most complete 
development of the theory of the asymmetric carbon atonl. 
The method adopted to assign the correct configuration 
to each of these stereo-isomers is somewhat intricate, and 
can only be followed by means of a detailed study of the 
genetic relations of the compounds themselves and of 
many of their derivatives. It must suffice, therefore, to 
give an outline of the method employed.^ 

In a previous chapter- the following four, apparently 
different, projected stereochemical formulaj for tartaric acid 
were given, but it was shown that if properly interpreted 
III. and IV. are identical: — 

COOH COOH COOH COOH 

till 

H— C~OH HO~C-H Il-C-OH HO-C-H 

till 

HO-~C— H H— C— OH H-C— OH HO--C— H 

I I I I 

COOH COOH COOH COOH. 

I. II. HI. IV. 

This is always the case when the two halves of the mole- 
cule are similar, but if the substituents at the top and 
bottom of the chain are different the identity of the' two 
forms disappears, and all four isomers are theoretically 
possible and different. For instance, if one carboxyl group 

^ Details will be found in resumes given by Emil FibCher, Berichte^ 
1890, xxiii. 2114 ; and 1894, xxvii. 3x89. 

Also in the following hooks : — 

Stereochemistry^ Stewart, chaf>. iv. 

The Spirit of Organic Chemistry ^ Lachinann, 1899. 

Lehrbuch der organise hen Chemie^ Meyer and Jacobsen, 1893; 
second edition, 1907. 

Grundriss der StereocheniUy A. Ilant^sch, second edition, 1904) 
English translation of first edition, The Mlements of Stereo- 
chemistry^ C. G. Wolf, 1900. 

^ Chap. xii. p. 291. 
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in tartaric acid be replaced by 
configurations will be: — 

an aldehyde 

group, the four 

Clio 

CHO 

CHO 

Clio 

1 

H C-OH 

j 

HO c--n 

j 

11 -c— on 

1 

HO C— H 

j 

llO-C— H 

1 

H— C— OH 

1 

H— C— oil 

1 

HO~C— H 

j 

CODH 

1 

coon 

j 

COOH 

j 

COOH. 

1. 

II. 

III. 

IV. 


Of these, I. and II. (orm an enantiomorphoiis pair, and 
can give rise to a racemic combination, as in the case of 
the tartaric acids; HI. and IV. now also form an optically 
active, enantiomorphoiis pair, and can combine to form a 
second racemic modification. Their relative configuration 
can be, in part, decided by the study of their oxidation 
products. The corresponding aldehyde acids I and II. 
will each yield a different dibasic acid, whilst the acid 
obtained from III. and IV. will be the same. The stereo- 
chemical difference of the two latter compounds is therefore 
dependent upon the top and bottom difference in their 
respective molecules; it is removed when this difference is 
eliminated. This is one of the methods adopted to 
differentiate the configurations of stereochemical isomers. 

Turning now to compounds of the glucose group, they 
may be divided into two sections — the aldehyde alcohols 
(aldo-hexoses) and the monobasic acids obtained from 
them by oxidation, on the one hand, and the dibasic acids, 
such as saccharic acid, and the reduction products of the 
aldoses, the hexahydric alcohols, on the other. All these 
compounds contain four asymmetric carbon atoms, in- 
dicated by thick type in the formulae given below; those in 
the first section show a similar top and bottom difference 
to the above aldehyde acids, whilst those in the second 
section are similarly constituted to the tartaric acids: — 

I. CII 2 OH.OHOH.OHOII.OHOn.OlIOH.CIIO. AMose. 

CH 2 OIl.OHOH.OHOII.OHOH.OHOH.COOH. Mombasic acid. 

II. COOH. OIIOII.OHOH.OHOH.OHOH.COOH Dibasic acid. 

CH20II.0II0H.0n0II.0H0n.0II0H.CIl20H. HexahydHc 

alcohol. 
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Sixteen stereo-isomers of the first section are theoretically 
possible and ten of the second. The former comprise 
cijfht enantiomorphous pairs, all optically active, and 
therefore an additional cig-ht racemic combinations are 
possible; the latter comprise two forms, which are in- 
active by internal compensation, and four enantio- 
morphous pairs. The gfenetic relations of these two 
sections have been a valuable factor in deciding* the con- 
figurations of the aldo-hexoses. For instance, /af-glucose 
and ^-gulose both give //-saccharic acid, a dibasic acid, 
included in section 11., upon oxidation. Their difference 
is, therefore, due solely to the asymmetry of the two ends 
of the chain. Further, this saccharic acid is optically 
active, so that two of the ten possible configurations for 
section II. are put out of court as possible formulae 
for it. 

Of other relations that have aided in determining the 
configuration of the aldo-hexoses, the cyanhydrin reaction 
of Kiliani and the formation of osazones are the most 
important. As stated, the cyanhydrin derived from 
arabinose gives both gluconic and mannonic acids on 
hydrolysis, from which /-glucose and /-mannose can be 
prepared. Their isomerism must obviously depend on the 
configuration of the substituents attached to the added 
asymmetric carbon atom, and these two sugars must 
differ, therefore, in the manner indicated by the following 
formulae: — 

CIToOIl CIInOH ClTaOri CIT^OII CII 2 OII 

I I ' I I I 

(CHOU), — > (CIIOH):j and (CHOII)s — > (CIIOH)., and (CH.OH)s 

Clio. II— i— OH HO— i— H n— i-oii iio-i— ii 

I I I I 

Arabinose. CN CN CHO CHO. 

^ — — . ' ' > ■ ^ 

Arabinose cyanhydrins. /-Glucose and /-Mannose. 

This relative configuration is confirmed by the fact that 
/-glucose and /-mannose form the same osazone; their 
difference is eliminated when the asymmetry of the carbon 
atom next to the aldehyde group is destroyed. • 

By a careful study of such relations as the above, Fischer 
has succeeded in determining the configurations of all the 
aldo-hexoses, and of many of the associated alcohols. 
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acids, and pentoses. In the following table the projected 
stereochemical formula? of the .aldo-hexoses are ^iven. Of 
the sixteen isomers, four are unknown: - 


Stereochemical Fonnuhe of the Ahto-he.xoses, 


coil 

COH 

COH 

COH 

H 

HO- 1 - H 

HO - - H 

H OH 

r-OU 

HO- -IT 

H OH 

HO H 

110 H 

H-i-OH 

HO H 

II OH 

no -TI 

H-l- OH 

1 

HO- H 

11— - OH 

CITaOH 

CH,OH 

CH,OH 

CILOH 

/-Mannose. 

^A^^annose. 

/-Glucose. 

/AGliict>so. 

COH 

COH 

COH 

COH 

HO H 

H Oil 

H- - OH 

HO-- -H 

II OH 

IK) H 

U OH 

HO-- H 

HO — TI 

H OH 

HO H 

H- OH 

H OH 

HO H 

H- -OH 

HO — H 

CH/)H 

CH,OTI 

CH,OH 

CH.,OH 

/• Idose. 

/Aldose. 

/•(Jiilose. 

/AGulose. 

COH 

COH 

COH 

COH 

HO--j- H 

H - '—OH 

H OH 

HO H 

H OH 

ho-I-h 

H OH 

HO H 

H OH 

HO-'— H 

H OH 

no- - H 

HO H 

H -j- Oil 

HO- H 

H- - OH 

CH.,OIl 

CH..OH 

CH. 2 OH 

CHoOH 

A Galactose. 

//-G.'ilaclo.se. 

ATalose. 

/ATalo.«e. 

COH 

COH 

COH 

COH 

HO H 

H OH 

H OH 

HO H 

HO H 

HO H 

H OH 

H OH 

HO H 

HO H 

H OH 

H OH 

HO H 

H OH 

HO 11 

H OH 

CH 2 OH 

CH 2 OH 

CHaOH 

CHaOl 


U nknown 

> 


The Relation of the Config^iration of the Sugars to the 
Action of Ferments A — In many of the reactions employed in 
the preparation of the synthetical siig'ars racemic combina- 
tions result, which can be resolved into the optical isomers 

^ Cf. J. W, Mellor, Chemical Slalics. ami Dynamic 1904 , p. 361 . 
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by the methods already described.’ a Acrose, for instance, 
the first synthetically prepared sugfar, is rapidly attacked 
by yeast, leaving: /-fructose, the enantiomorph of ordinary 
fruit sugar; it is the’ racemic form of this keto-licxose. 
Partial, Ajrmentatioii is the only process for splitting such 
racemic combinations that has been applied to the sugars 
themselves, but their acids have been successfully resolved 
by the fractional crystallisation of suitable salts with 
asymmetric bases, such as strychnine and morphiite. The 
application of fermentative action to the preparation of 
the sugars has been followed by the study of its relation 
to the configuration of the compounds of this group. The 
investigations of Fischer and Thierfelder,® and of E. F. 
Armstrong,*^ have established some important conclusions 
in respect to this relationship, which have an interesting 
bearing on the asymmetry of the products of animal and 
vegetable metabolism. 

Two classes of ferments, formerly distinguished as 
‘‘organised” and “unorganised” ferments, are known. 
The former includes such ferments as the yeasts, living 
organisms which effect chemical changes during the 
processes of their growth and reproduction; the batter, 
now generally classed as “enzymes,” are complex products 
secreted by living organisms, which can be extracted by 
suitable means, and which resemble the proteins in their 
chemical character. Recent years have witnessed most 
important extensions of the knowledge of these ferments. 
A great variety of metabolic and other simpler chemical 
changes, most of which appear to be hydrolytic, are effected 
by enzymes, such as the hydrolysis of carbohydrates, by 
maltase and invertase, and that of the glucosides by 
emulsin and myrosin; in addition, many changes, formerly 
attributed to organised ferments, are now known to be due 
to extractable enzymes, such as the zymase of alcoholic 
fermentation.^ 

> Chap, xii p. 294. 

Z. Physiohg, Chem,^ 1898, xxvi. 61. 

“ Roy, Soc, Proc.^ *904, Ixxiii. 500, 516, and 526 
^ Literature on Fermentation : — 

The Soluble Ferments and Fermentation, J. Reynolds. Green, 1904. 

The Chemical Products resulting from Fermentations, R. II. A. 
PUtniner, 1903. 

Ferments and their Actions, Oppenheimer, trans. by Mitrhell, 1901. 

7 'he Naim al History of Digestion, chap, v., A. Lockhart Gillespie, 
Contemporary Science Series, 1898. 
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Both the or£^anised ferments and the enzymes show 
remarkable selective power in their action on the sugars, 
a power which is not restricted to a discrimin:ition between 
enantiomorphous forms as in Pasteur’s method for the 
resoliilion of racemic combinations.^ Fischer and Thicr- 
fcldcr studied the action of a variety of pure yeast cultures 
on the aldo-hexoses and found that of the twelve known 
cbmpoujids of this group only the three natural products, 
<7-glucosd, ^/-mannose, and ^/-galactose are decomposed, 
.and of the keto-hexoses, only ordinary fruit sugar, 
</-fructose. In each case carbon dioxide and alcohol arc 
formed ; the rate of tl^e decomposition is about the same 
for glucose, mannose and fructose, but galactose is more 
slowly attacked and certain species of yeast which ferment 
the other sugars are entirely without action upon it. A 
comparison of the configuration of these four sugars with 
that of flf-talosc, as an example of a non-fermentable aldo- 
hexose, shows how small a difference in the configuration 
of the molecule suffices to arrest the action : — 


COH 


con 


COH 


CILOII 


con 

- n 

-II 

- II 

-on 


//-Glucose. //-Mannose. //-Galactose. //-Fructose. //-Talosc. 


II— 

-OH 

HO- 

-11 

li- 

-on 

CO 

110- 

0 - 

— H 

110 - 


no- 

-H 

no- 

-H 

110- 

H-- 

-OH 

H- 

-on 

HO - 

-H 

li— 

-on 

HO- 

n— 

—on 

H- 

-OH 

H- 

--OH 

II - 

-OH 

n- 

( 

JIIaOH 

V 

.IIoOH 

< 


( 

^IlaOlI 

c 


In glucose, mannose, and fructose the relative position 
of the hydrogen atoms and hydroxyl groups, round the 
three lower asymmetric carbon atoms, is the same ; the 
two former differ only in respect to the grouping of these 
substituents round the top carbon atom. Galactose 
similarly differs from glucose in the disposition of the 
groups attached to one of its carbon atoms, whilst in the 
case of talose the groups attached to two of the asymmetric 
carbon atoms are differently disposed to their position in 
glucose. The difference in the configuration of galactose 
and glucose is associated with a difference in the relative 
ease with which they arc attacked by yeast, whilst the 
greater difference between glucose and talose is sufficient 
to inhibit the action of the ferment. 


^ C/. Chap. xii. p. 297. 



346 MODERN ORGANIC CHEMISTRY. 

Of the synthetically prepared sugars which contain more 
or less than six carbon atoms, it has been shown that the 
property of fermentation is restricted to those conlaininjj 
three, or a multiple of three, carbon atoms. 

Similar selective actions have been studied in the 
hydrolysis of the simpler glucosides by enzymes. The 
name glucoside is a generic term for certain derivatives of 
the sugars which are widely distributed in the vegetable 
kingdom. Their chief characteristic is that *they are 
decomposed by enzymes, as also by dilute acids or alkalis, 
with the formation of a sugar, which is very generally, but 
not always, glucose, and one or more other substances. 
The specific enzyme which effects this decomposition is 
always associated with the plants in which the glucosides 
occur. Many important natural plant products occur as 
glucosides ; indigo is found in the indigofera as indican, 
alizarin in madder as ruberythric acid, oil of bitter 
almonds (benzaldehyde) in bitter almonds as amygdalin, 
and mustard oil in black mustard seeds as potassium myro- 
nate. Less complex compounds of an analogous chemical 
character have been prepared by the action of alcohols 
upon the aldo-hexoses like the natural glucosides, they 
can be hydrolysed into their constituents by the action of 
enzymes or of mineral acids. 

These synthetical compounds are ethers of glucose and 
its isomers ; they are derived from an alternative formula 
for the aldo-hexoses to that given above. There is 
evidence that the glucose molecule, when in solution, has a 
different structure to that which it possesses when in the 
solid state, a view that has been specially brought home 
by the peculiar phenomena of burotation or muta-rotation^ 
which is shown by glucose and many other carbohydrates.^ 
This phenomena consists in a change in optical activity 
which occurs when these compounds are dissolved in 
water; the optical activity of a freshly prepared solution 
of glucose, for instance, diminishes gradually on stand- 
ing and finally becomes constant after about six hours, 

' Emil Fischer, Berichte^ 18^3, xxvi. 2401 ; 1894, xxvii. 2985 ; 1895, 
xxviii. 1145. 

Of, I^wry, /. Chem, 1899, Ixxv. 213; 1903, Ixxxiii. 1314; and 
1004, Ixxxv. 1551. W. H. Perkin, /. Chem. Soc.. 1902, Ixxxi. 177. Also 
Chap. xiv. pp. 387 and 388. 
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when the rotation is somewhat less than half that of 
the original solution. This change is attained prac- 
tically instantaneously in presence of a small quantity 
of alkali. 

The alternative formula for the aldo-hexoscs is that of an 
('»xide, which may be regarded as derived from the original 
aldehydic formula by the addition and subsequent separa- 
tion of, a molecule of water, the separation taking place 
between ’two h\droxyl groups in the y-position to each 
other, the characteristic mode of anhydride or lactone 
formation that occurs with y-hydroxy-acids.^ These 
changes are represented by the following formulaj : — 


CHO 

1 

/OH 

CH< 

I \OH 

CHOH 

1 

CHOH! 

CHOH 

1 : 

CHOH : 

1 + H.,0 

— > 1 i 

CHOH 

CHOil 

1 

CHOH 

1 

ClIOH 

ciipii 

1 

CH.pH 



CHOH 

CHOII 

I 

CHOH 


CH 


+ H.O. 


I 

CHOH 

I 

CH2OH 


Aldehyde formul.'i. Intermediate compound. Oxide formula. 


A new asymmetric carbon atom is introduced in this oxide 
formula, so that two stereochemical isomers are theoreti- 
cally possible. These are called the a- and /:?-forms, and 
the aqueous solution of glucose, when it has attained a 
constant optical rotation, is regarded as consisting of a 
mixture of the aldehydic and of these two oxide forms in a 
state of equilibrium.* In the following formula the added 
asymmetric carbon atom is indicated by thick type: — 


^ Cf, Chap. viii. p. 157. 

® Behrend an<l Roth {Anna/en, 1904, cccxxxi. 359) have shown that 
glucose undergoes muta-rotation in pyridine solution and tciramethyl- 
glucose behaves similarly. (Purdie and Irvine, J, Chsm. Soc,^ 1904, 
Ixxxv. 1049.) The presence of water may not, therefore, be essential for 
the formation of the equilibrium mixture. 
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H— C— OH 

/ I 


HO--C— H 


' CHOU 

/ CHOH 

) 1 

6 1 

\ CHOU 

\ CHOH 

\CH 

\CH 

1 

CMOH 

1 

CHOir 

1 

CIl,.OH 

1 

CHpil 

a-G'.ucose. 

jS-niucose. 


The glucose ethers or glucosides, prepared by the action 
of alcohol upon glucose in presence of hydrochloric acid, 
have been obtained in the stereochemically isomeric a- and 
/:J-forms ; when hydrolysed by means of enzymes they 
yield solutions which contain initially the or /Worm of 
glucose respectively.^ The formulae of the two ethers or 
glucosides correspond, of course, to those of the two 
glucoses: — 


H— C— OCH„ 

/ 1 

CH.,0-,C— H 

/ CHOH 

6 1 
\ CHOH 

/ j 

/ CHOH 

0 1 

\ CHOH 

\CH 

\ 1 

XH 

1 

CHOH 

j 

CHOH 

1 

CHgOH 
'Methyl t/'-glocoside. 

1 

CH,OH 

^•Methyl i/-gIucoside. 


Similar stereoisomers have been prepared by Fischer 
from /-glucose, and /-mannose and ^-galactose. 
Although these a- and /^-compounds differ respectively 
only in regard to one asymmetric carbon .atom, this 
difference suffices to inhibit their hydrolysis by enzymes 

* E. F. Armstrong, J, Chem. Soc., 1903, Ixxxiii. 1305; and 1904, 
Ixxxv. 1043. Rchrcnd and Roth, Annafen^ 1904, cccxxxi. 359. 
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into the sugar and alcohol. Maltase, the enzyme which 
effects the hydrolysis of maltose, for instance, converts 
a-methyl- ^/-glucoside into glucose and methyl alcohol, but 
it has no action on the j3-compound ; emulsin, the enzyme 
contained in bitter almonds, on the other hand, only 
attacks the ^-compound, and invertase does not attack 
either. Neither of the glucosides of /-glucose are attacked 
by either emulsin or maltase, but the a- and /if- //-galactosides 
behave like the </-gIucosides. The alkyl derivatives of 
d- and /-mannose are not attacked by either maltase, 
emulsin, or invertase. Glucose and galactose accord- 
ingly appear to be \ the only hexoses, the glucosidic 
derivatives of which are attacked by the enzymes 
enumerated above ; the small difference in configuration 
between mannose and these sugars is sufficient to com- 
pletely inhibit enzymic hydrolysis. In the hydrolysis 
of the glucosides and galactosides the a-compounds 
are attacked by maltase, but not by emulsin, whilst the 
reverse holds in the case of the )8-compounds ; since 
the hydrolysis is concerned only with the substituted 
hydroxyl group, and since these substances differ only in 
the configuration of this one group in the whole molecule, 
the intimate relation of the structure to the action of the 
ferment is strikingly apparent. It was suggested by 
Horace Brown and Glendinning,^ from other considera- 
tions, that enzymic hydrolysis is preceded by a combination 
of the sugar with the specific enzyme, that effects its 
hydrolysis ; Fischer’s investigations not only point to a 
confirmation of this view, but indicate further that such 
combination must take place along the entire chain of the 
hydrolysed molecule. 

The enzymes, like proteins and protoplasm, are 
asymmetric products, and there is good reason to 
conclude that this selective action is to be attributed to 
the complementary configuration of the reacting mole- 
cules ; as Emil Fischer has said, “ Enzyme and glucoside 
must fit each other like key and lock in order that the one 
may exercise a chemical action on the other.” 

The subsequent investigations of E. F. Armstrong^ have 

^ y. Chem, So€,i 1902, Ixxxi. 388. 

Koy, Soc. Proc,^ 1905, Ixxvi., Series B, 592, 600; 1907, Ixxix., Series 
B, 360. 
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served to confirm this idea of the initial combination of 
enzyme and ^lucoside, and have shown also that it 
extends to the products of decomposition by the enzymes. 
The action, for example, of emulsin on /i-g^Jucosidcs and 
/J-galactosides is retarded both by g-lucose and by g’alac- 
tose, and that of maltasc on the a-compounds is similarly 
retarded by the same hexoses ; in both cases the retardingf 
effect of glucose is greater than that of galactose., These 
and other results show that the only hexoses which retard 
hydrolysis by a specific enzyme are those which result 
from the glucoside which undergoes hydrolysis under the 
influence of that enzyme. 

The selective action of ferments is shown also in the 
oxidation of polyvalent alcohols, such as glycerol and 
mannitol to the corresponding ketoses, by the sorbose 
bacterium, ^ 

The Duhexoses: Saccharose, Lactose, and Maltose; their 
relation to the Hexoses. — Cane sugar, milk sugar, and 
malt sugar, now known as saccharose, lactose, and 
maltose respectively, are not included in the classification 
of the sugars given above (p. 330). They form, together 
with other less known carbohydrates, a group called the 
Di-hexoses, which are characterised by being converted 
into hexoses by the action of dilute mineral acids or of 
ferments. They possess many of the properties of the 
hexoses, being weakly acidic, optically active compounds, 
readily soluble in water, sweet in taste, and generally 
more easily crystallised than the simpler hexoses. They 
have the general formula and their decom- 

position into hexoses takes place according tp the 
equation : — 

^12^22^11 "1" ^2® “ ^0^ 12^6 ^0^12^6' 

Cane sugar forms glucose and fructose, lactose forms 
glucose and galactose, and maltose two molecules of 
glucose. This decomposition is important as a means 
of arriving at the structure of the di-hexoses. .. It indicate.s 
that they are built up of two hexose molecules, which are 
united with the elimination of a molecule of water, and as 
the hydrolysis is very readily effected, it is concluded that 

' C/, Berlraiid, Ann, Chim, Phys,, 1904, iii. 181. 
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the hexosc residues are held together by an oxygen atom, 
as the alkyl and hexose radicals in the simpler glucosidcs 
prepared by Fischer. They are thus anhydrides of the 
hexoses, and bear approximately the same relation to 
these as the ethers bear to the corresponding alcohols. 
Saccharose is the glucoside of fructose, lactose that of 
galactose, and maltose, glucose-glucoside. There are 
several ways in which this glucoside or anhydride forma- 
tion can occur, and the study of the chemical properties of 
the di-hexoses has shown that it is different in cane sugar 
from what it is in lactose and maltose ; the two latter 
retain one of the aldehyde groups of the constituent 
hexoses, whilst saccharose contains neither the alde- 
hyde group of glucose nor the ketone group of fructose. 
The exact structural relations of these anhydrides to the 
simpler hexoses is not yet decided, but the following 
structural formula may be regarded as probable for 
saccharose : — 


,CH 

1 

/ CHOH 
O 1 
' CHOH 

'xcIh 

CHOH CH 

I 1 

CHpH CHjjOH. 

Saccharose or Cane sugar (Fructose glucoside.) 

According to this formula saccharose should yield the 
j^-modiheations of glucose and fructose upon hydrolysis ; 
it does not show muta-rotation, and has, therefore, prob- 
ably the same structure both in solution and as a solid.^ 
The decomposition of cane sugar by dilute mineral 
acids is known as Inversion^ a term which has its origin in 
the fact that the solution, which was originally dextro- 
rotatory, becomes laevo-rotatory upon hydrolysis ; this 
is because the laevo-rotatory power of fructose is greater 

* Cf, W. H. Perkin, y*. Chem. Soc.y 1902, Ixxxi. 177. 


CH2OH 

/C 

/ CHOH 

I 

\ CHOH 
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than the dextro-rotatory power of glucose. This inversion 
is the basis of valuable analytical methods for the estima- 
tion of sugar. It is a uni-molecular reaction like the 
catalysis of the esters and the accelerating- influence of 
acids can be similarly made use of for the measurement of 
their relative affinities.^ 

Although simple reactions are thus available for break- 
ing up a di-hexose into two hexose molecules, the reverse 
change, or up-grade synthesis, has only been effected in a 
few instances. The first synthetically prepared di-hexose 
was obtained by Croft Hiir^ in experiments on the reversi- 
bility of enzyme action. He showed that the enzyme 
maltase, when allowed to act upon a concentrated solution 
of glucose, forms a mixture of di-hexoscs, one of which is 
probably maltose; tlie same enzyme is also capable of 
converting maltose into glucose, and in both cases the 
same equilibrium mixture of the hexose and the di-hexose 
is established, which is dependent upon the concentration 
of the solutions. There is some doubt as to whether the 
di-hexose thus obtained is maltose or iso-maltose. This 
work is of special interest as being the first instance of the 
proof of the reversibility of enzyme action and the first 
application of enzymes as synthetic agents. The method 
has been extended by E. F. Armstrong,^ who has obtained 
maltose by the action of emulsin upon glucose, and it has 
similarly been shown that another enzyme, kephir-lactasc, 
partially converts galactose into a new di-hexose, iso- 
lactose.'^ 

Other syntheses of di-hexoses have been effected by 
purely chemical reactions. Cane sugar, for instance, bas 
been obtained by the mutual reaction between simple 
derivatives of glucose and fructose (Murchlewski, i^99)» 
and a mixture of iso-maltose and maltose by the action of 
hydrochloric acid upon glucose. ° Further, Emil P'ischer 
and E. F. Armstrong^ have prepared a glucoside of 
galactose and galactosides of glucose and of galactose; 
the galactoside of glucose is probably identical with nieli- 

^ 6/. Chap. ix. p. ^7.3' . ^ 

J. Chem, Soc.t 1893, <>34; Ixxxiii 57S. 

^ Jioy. Sac. Proc., 1905, Ixxvi., Scries IJ, 592. 

^ Emil Fischer and £. F. Armstrong, Berichle^ 1902, xxxv^ 3144. 

^ £.. F. Armstrong, loc, cit, 

** Benck/e, 1901, xxxiv. 2885; xxxv, 3144. 
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biose, a sugar obtained by the hydrolysis of a tri-hexose, 
raffinose. 

Starch, dextrin, and gums resemble the di-hcxoscs in 
being hydrolysed by acids with the formation of one or 
more hexoses, and they are similarly decompo.^cd by 
ferments, reactions upon which the fermentation and allied 
industries depend. They are more complex molecules 
tlian the di-hexoses, and are usually classed with cellulose 
as Pofy-Aexoses. " ^ , 

The Building up of Carbohydrates in PlanfX^lls?^ — The 
0.03 per cent, of carbonic acid in the air, kept in equili- 
brium by the mutual exchanges of plants and^animals, is, 
together with water, the initial food for the building up of 
the carbohydrates. 

Despite the achievements of the past twenty years in 
advancing the knowledge of their structure and synthesis, 
comparatively little is known of the processes of reduction 
in the living cells that precede the formation of sugar, 
starch, and cellulose. The very varied and intricate 
character of these changes and the fact that they are 
always associated with the presence of highly complex 
molecules, of which chlorophyll is the most characteristic, 
and with enzyme action, make it exceptionally difHcult to 
obtain any insight into the constructive stages of plant 
assimilation. The earlier products of the change have, in 
all probability, only an ephemeral existence, so that special 
methods are required to remove th^ from the sphere of 
action as they are produced, in order to obtain satisfactory 
evidence of their formation. 

The most generally accepted hypothesis of the nature of 
the change is that advanced by von Baeyer,^ according to 
which the carbon dioxide is first reduced to formaldehyde, 
from which the carbohydrates result by polymerisation, 
the initial reduction taking place with liberation of oxygen, 
in accordance with the equation ; — 

CO2 + HgO =« CH2O + Oo. 

Formaldehyde. 

^ Cf, Horace T. Brown, ** Presidential Address to the Chemical Section 
of the British Association,*’ British Association Reports 1899, p. 682. 
Professor Meldola, “ The Living Organism as a Chemical Agency," J. 
Chem, Soc,, 1906, Ixxxix. 749. 

* Berichte, 1879, i»* 66. 
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From the purely chemical side the pbssibility of this 
hypothesis is well established. Fenton^ has shown that 
carbon dioxide can be reduced to formaldehyde at a low 
temperature in aqueous solution, and experiments by 
Bach® appear to prove that a similar reduction takes place 
when carbon dioxide is passed through a solution of a 
uranium salt, exposed to sunlight. The formation of 
acrose from formaldehyde by the action of a base was 
the first synthesis In the sugar grbup, and polymerisation 
and conden^tion, as characteristic properties of aldehydes, 
have also be^n instanced in the formation of a tetrose and 
of acrose from glycollic aldehyde. This latter aldehyde 
has been found as au intermediate product in the synthesis 
of sugar from formaldehyde, so that a satisfactory chain 
of laboratory evidence^ from carbon dioxide to fructose is 
thus completed. According to the investigations of Brown 
and Morris,® cane sugar is theprithary carbohydrate that is 
formed in plants; fructose, dextrose, and maltose are also 
present in the green leaf, whilst the more complex carbo- 
hydrates, starch and cellulose, are the characteristic final 
products of assimilation. Despite numerous hypothetical 
suggestions, the laboratory syntheses of these products 
from fructose have hardly been approached, beyond the 
few isolated methods described in connection with the 
preparation of the di-hexoses from hexoses (p. 352) ; satis- 
factory chemical evidence of the nature of these later 
stages is accordingly at present wanting. It is also prob- 
able that intermediate reduction products, between carbon 
dioxide and formaldehyde, are formed in the earlier stages 
of assimilation, which may also lead to the formation of 
carbohydrates as well as to that of the characteristic acids 
found in plants, such as oxalic acid, by their action upon 
each other or upon carbonic acid itself. 

The conditions under which laboratory methods have 
been able to give support to von Baeyer’s hypothesis are, 
of course, entirely different to those that obtain in the 
natural synthesis of carbohydrates in living plants, and 
until recently there has been no satisfactory physiological 

* /. Che/n. Soc.f 1907, xci. 687. 

* CompUs reitd,^ 1893, cxvi. 1145; cf. Usher and Priestley, Soc, 
Proc,^ 1906, Ixxvii , Series B, 369. 

Chem, Soc.^ 1893, Ixiii. 604. 



THE SUGARS. 


355 


evidence in its favour. A number of experiments have 
been carried out on feeding plants with formaldehyde and 
its simpler derivatives, which have shown that certain 
plants can form starch when treated in this manner. Such 
evidence, however, is only indirect,^ because the formalde- 
hyde may itself be first polymerised to a sugar, inde- 
pendently of the vital Action of the plant, and it is Unown 

that plants can form starch from sugar in absence of light. 
More difect and complete evidence of the nature of the 
changes during assimilation has now been established by 
the investigations of Usher and Priestley,^ who have proved 
the presence of formaldehyde as an initial change in the 
reduction of carbon dioxide by plants, on exposure to sun- 
light. Its production is accompanied by the formation of 
hydrogen perokide, which is decomposed by a special 
enzyme with the liberation of oxygen, whilst the formalde- 
hyde is taken up by the living protoplasm and polymerised 
with the formation of carbohydrates. The reduction of 
the carbon dioxide take$ place, in sunlight, with leaves in 
which both the enzymes and the protoplasm have been 
killed by immersion in boiling water, so that the change 
appears to be independent of the vitality of the leaf. 
These results have been confirmed by Usher and Priestley 
in a most interesting manner, by allowing carbon dioxide 
to act upon thin films of chlorophyll, under conditions 
approaching those under which it is present in the green 
leaf. On exposing such films to sunlight, formaldehyde and 
hydrogen peroxide are formed, and by introducing a suit- 
able catalysing enzyme, oxygen is liberated from the latter. 
Further, they have shown that in presence of certain kinds 
of living protoplasm, free from chlorophyll, starch and 
oxygen are the final products of the assimilation, as in the 
case of growing plants. Formic acid appears to be an 
intermediate product in the initial reduction of the carbon 
dioxide to formaldehyde, so that this stage in the assimi- 
lation is to be represented by the equations : — 

i. CO2 + 2H.P = CHgOg-hHgO^ 

Formic acid. 

ii. CHoOg-i-HgO = CH2O + H2O2. 

Formaldehyde. 


^ Roy, Soc, Proc,i Series 13, 1906, Ixxvii. 369 ; Ixxviii. 318. 
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The formation of the hydrogfcn peroxide and accompanying 
reduction of the carbon dioxide, which thus occurs under 
the influence of the chlorophyll acting as a catalyst, is 
probably due to a combination of the hydroxyl groups, first 
of the \Vater and carbonic acid and then of the water and 
formic acid, as indicated in the following equations: — 

i. HO-i COOH HO COOH 

I + I 

HO . H HO H. 

formic acid, 

ii, HO CHO HO Clio 

- ' 1 ^ 1 ' 

HO H HO H 

Formaldehyde. 

The chemical evidence of the nature of the subsequent 
stages in assimilation is very deficient, as stated, and on 
the physiological side this deficiency is, at present, still 
more marked. 

A further problem of great interest connected with pLant 
assimilation lies in the fact that all the carbohydrates that 
occur in nature are not only optically active, but that they 
are found in but one of the enantiomorphously related 
configurations. All the natural sugars and starches are 
derived from rf-glucose, and amongst many other groups 
of compounds the same relation holds ; the albumins, the 
alkaloids, the terpenes, and organic acids such an tartaric 
and malic, are represented in nature by only one of the 
stereochemical isomers. 

The asymmetric compounds obtained by means of syn- 
thetical reactions from symmetric compounds, on the 
contrary, are always formed as an optically inactive 
mixture made up of equal proportions of the two enantio- 
morphs, as in the case of racemic acid; these can be 
separated by an enantiomorphous agency according to the 
methods already described, but in no instance is a single 
asymmetric molecule the direct result of a laboratory 
synthesis from symmetric compounds. 
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This difTerence was clearly recognised by Pasteur, whose 
view, however, that the molecular asymmetry of natural 
organic products was the most characteristic distinction 
between the chemistry of living matter and the chemistry 
of dead matter^ was generally regarded as untenable after 
the complete synthesis of racemic acid and its separation 
into the two stereochemical isomers. Pasteur did not 
accept jthis interpretation, and pointed out that an im- 
portant Qiffercnce still remained, which he expressed in 
the following words: — “To transform one inactive com- 
pound into another inactive compound, which has the 
power of resolving hself simult.aneously into a right- 
handed compound and its opposite^ is in no way comparable 
with the possibility of transforming an inactive compound 
into a single active compound. This is what no one has 
ever done ; it is, on the other hand, what living nature is 
continually doing before our eyes.* ** 

The action of enzymes, the formation of salts with an 
optically active base or acid, the mechanical separation of 
the enantiomorphous salts that separate out as in the 
crystallisation of sodium ammonium racemate, which con- 
stitute the available methods for the isolation of single 
optically active molecules from the products of synthetical 
reactions, are all to be referred back to life. The enzymes 
are products of vital processes; optically active acids and 
bases owe their initial origin to Nature, and the mechanical 
separation of two crystal forms is the specific act of a 
living organism. 2 

To account for the fact that only single enantiomorphs 
are found as the result of animal and vegetable meta- 
bolism, one or both of two processes are possible. It may 
be that compensated mixtures are first formed, which are 
subsequently resolved into their components, the one 
isomcridc being separated and the other used for pur- 
poses that are at present unknown. Or, there may be 
selective production only, owing to the asymmetric 
environment in which the vital processes occur, for there 

* Cf, Chap. xii. p. 298. 

Cf, Japp, ** Presidential Address to the Chemical Section of the British 
Association,” British Association Reports^ 1898, p. 813. Also Nature^ 
1898, Iviii. 452, and subsequent correspondence; W. J. Pope, Nature, 
1903, Ixviii. 280; and Byk, Z, physik. Chem.^ 1904, xlix. 641. 
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is ample evidence that "tksymmetry begets asymmetry.” 
The syntheses carried out by McKenzie,^ with the 
object of ascertaining whether an asymmetric carbon 
atom already present in a molecule has any directing 
influence upon the introduction of new groups, have 
proved that a preferential formation of one of the two 
possible isomers does occur. Such syntheses are, as yet, 
far less complete than those concerned with the formation 
of carbohydrates under natural conditions, hut they 
indicate the probability that the condensation of the 
formaldehyde may be preceded by a combination with 
some optically active constituent of the chlorophyll 
granules, the asymmetric influence of which leads to the 
production of single enantiomorphs. 


* Cf, Chap. xii. p. 301. 
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• ISOMERIC CHANCE AND DYNAMIC ISOMERISM. 

• 

Isomeric Change, — Unknown compounds, the possible existence of 
which is indicated by the law of the linking of atoms — 
Isomeric change'^ involving the movement of a hydrogen 
atom— Compounds which form two series of isomeric 
derivatives— Laar’s tautomeric compounds. 

Reversible Isomeric Change or Dynamic Isomerism. — The isomeric 
relations of acyl derivatives of methane, of diacetyldiethyl- 
succinate and of nitro-compounds— Theoretical considera- 
tions regarding dynamic isomerism— The application of 
chemical methods to the study of dynamic isomerism. 

The relation of the Physical Properties of Organic Compounds to 
their Structure and the application of this relation to the 
study of Dynamic Isomerism, — The refraction constant — 
The magnetic rotation of the plane of polarisation— The 
optical rotatory power— The selective absorption of light — 
The electrical conductivity of organic compounds — The 
solubility. 

The bearing of Dynamic Isomerism on the Structure of Benzene 
and some of its derivatives. 

The general method adopted in organic chemistry for 
deciding the structure of compounds consists in the study 
of the reactions that serve for their preparation and of the 
changes they undergo in their various decompositions. 
Many instances of this method have been given in the 
previous chapters ; the syntheses of isobutane, acetic 
acid, lactic acid, and^racemic acid, for example, leave no 
doubt as to their structural formula;, and arc, moreover, 
in complete agreement with all that is known of their 
chemical chanacter and products of decomposition. When* 
ever such accord exists between the syntheses, properties, 
and decompositions of a compound there is no difficulty in 
thus deciding its structure. 

But many reactions are known which, if interpreted on 
the normal lines of analogous changes, would lead to 
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wrong conclusions in regard to the structure of the 
resulting compounds. Thus, when /3-brompropylene is 
heated with water it would be expected to form an 
unsaturated alcohol, according to the following equation : — 

CHarC. BrlCH, + ;H; OH = CHa : C.OH.CHs+HBr. 


/3-Brompropylene. jS- Propylene alcohol. 

And, similarly, the removal of a molecule of wa<:cr from 
glycol should yield the simplest of the unsaturated 
alcohols, vinyl alcohol : — 

CH.OH CHo 

I : » II ' + ha 

HCiHOH CH.OH 

Glycol. Vinyl alcohol. 

But these and other reactions that might lead to the 
formation of such unsaturated alcohols always result in 
the formation of their respective isomers, acetone and 
acetaldehyde. The conclusion is therefore drawn that 
the atomic groupings of /3-propylene alcohol and of vinyl 
alcohol are unstable, and that at the moment of their 
isolation they are immediately changed into the stable 
molecules acetone and acetaldehyde. This change, as 
shown in the following formulae, involves the movement 
of a hydrogen atom and a consequent alteration in the 
disposal of the valencies of carbon and oxygen, the double 
bond between two carbon atoms becoming a single bond, 
and the oxygen atom, previously linked to hydrogen as 
hydroxyl, changing to the ketonic form of combination’: — 




\0— H 


H\ M 

S >-<0 


V^inyl alcohol. 


Aculalclcliyde. 

H Ai 

= H 

H/ A 1 ''H 

O— H 


H. /H 

11 .C— C--CC 11 
H/ 11 • '■H 

O 

^•Propylene alcohol. 


Acetone. 
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Although these isomers of acetaldehyde and acetone, 
which are theoretically possible according to the law of 
the linking of atoms, are too unstable for separate 
existence, simple derivatives of them are known — for 
instance, their ethyl ethers : — 

CHg : CH.OC.Hs. and CH, : C(OC,Hs).CH3. 

. Vinyl ethyl ether. jS- Propylene ethyl ether. 

These etlfers readily lose the ethyl group on treatment 
with dilute mineral acid, and then form acetaldehyde and 
acetone respectively. The isomeric ethyl homologues of 
acetaldehyde and acetone (butyl aldehyde and methyl 
propyl ketone) are well-defined stable compounds. 

The replacement of the hydrogen atom, which is very 
light, by the heavier ethyl group, in the above unsaturated 
alcohols, thus allows of the separate existence of isomers, 
the mother substances of which are not known ; ^ or, in 
other words, whilst only one mother substance can be 
isolated, two isomeric series of derivatives can be obtained. 
This peculiar isomeric relationship has been observed 
amongst many groups of organic compounds. In his 
investigations on indigo von Baeyer^ pointed out that 
certain compounds of the indigo group, which were only 
known in one of the two possible isomeric forms, were 
capable of yielding two series of derivatives. Thus, 
isatin and indoxyl have theoretically possible isomers, to 
which von Baeyer gave the names pseudo-isatin and 
pseudo-indoxyl, derivatives of which such as ethyl pseudo- 
isatin and benzal pseudo-indoxyl are known : — 

C0H4 -CO C,H4— CO CgH^ CO 


N^^-C.OH N H -CO N(C2H.,) -CO 

Isalin. Pseudo-isatin. Ethyl pscudo-i'^alin. 

C,.H,-C.OH C,H4- CO C,,H 4 --C 0 


NJJ — CH NII- CH. Nil- C - ClIColIv 

lnd(jxyl. Pscudo-induxyl. hcn?:al pseudo-indoxyl. 

These hypothetical pseudo-forms von Baeyer regarded 
as unstable molecules which in the free state revert 


^ Cf. Chap. viii. p. 127. - JUrUhtc^ lS83/xvL,2;88. 
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spontaneously into the original form, and he attributed the 
change to the mobility of the hydrogen atom, since substi- 
tution of the latter by alkyl or aryl groups induces stability. 
This relation corresponds exactly to that of the un- 
saturated alcohols referred to above, and the change from 
the pseudo- to the normal-form similarly involves the 
wandering of one of the hydrogen atoms, and is accom- 
panied by a readjustment of the atomic linkings. 

Lauras Tautwncric Compounds. — In a pape/ entitled 
“ On the possibility of several Structural Formula3 for one 
and the same Chemical Compound,**^ Laar (1885) grouped 
together a number of compounds, which show this 
isomeric relationship, and with the view of expressing Its 
special character he suggested the term Tautomerism for 
the phenomenon (from rauro, the same ; /ac/dos, a part). 
Tautomeric substances, according to Laar, were com- 
pounds which, although only know n in on e fo rjnj give 
rise to two types of dei*iv^XC§> and amongst other sub- 
stances TJemstancedTiydrocya acid and several simple 
cyanogen compounds as examples of this relationship. 
Thus hydrocyanic acid itself is the mother substance of 
both the cyanides and the isocyanides. These com- 
pounds are prepared by the action of alkyl iodides upon 
potassium and silver cyanide respectively, and there is 
ample evidence to prove that they have the following 
structural formulae^; — 

CH3— C=N CH3— N=C 

M^lhyl cyanide. Methyl isocyanidc. 

From their methods of preparation it might be concluded 
that potassium and silver cyanide have the respective 
constitutional formulm : — 

. K— C- =N Ag— NUiC. 

Potassium cyanide. Silver {iso) cyanide. 

Since these salts can be obtained directly from hydro- 
cyanic acid, cither of the following formuhe might represent 
the structure of the one hydrocyanic acid that is known: — 

H— C-=N or H— NlirC. 

^ Berichie, 1885, xviii. 648 and 18S6; xix. 730. 

Cf. Chap. X. pp, 193. 
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In the one formula the hydrogen atom is attached to 
carbon, in the other to nitrogen. As in the examples 
given above, a change from one to the other form involves 
the movement of a hydrogen atom and the readjustment 
of the atomic linkings. A similar interpretation is neces- 
sary if carbon be regarded as divalent in the isocyanides. 
The attempt to decide between these alternative formulae 
has giv.en rise to important theoretical considerations 
v/hich wHl be discussed presently, after some further 
examples of this isomeric relationship have been described. 

Amongst other cyanogen compounds which show a 
similar behaviour t6 hydrocyanic acid, cyanic acid, 
thiocyanic acid and cyanamide may be instanced. Here 
again only one mother substance is known, but two iso- 
meric series of derivatives have been prepared. 

The following are the alternative structural formul® for 
these compounds: — 


Cyanic acid* 
Thmyanic acid* 

Cyanamide* 


N-rC-OH and 
N-:-C-SH and 

N^C-NHg and 




S:-C- NH. 
'^NH. 


Some of the most interesting instances of this kind of 
isomerism have been observed amongst a rather complex 
group of compounds, of which ethylacetoacetate is the best 
known. It has already been pointed out in the discussion 
of the structure and reactions of this compound that there 
is good reason to regard the salts it forms with sodium 
and other metals as derived from a structural formula 
different from that from which its alkyl derivatives are 
obtained,^ e.g * : — 

CH3.C(ONa):CH.COOC3H«/;w;/ CH...C:(OIl) : Cli.COOCJls. 

Sudium ethylacetoacetalc. 

CH3.CO.Cn(CH3).COOC2H5 from (:H:..CO.Cn.,.CC)OC 2 H,. 

M clhyl-et hy lacetoacelatc. 

The unsaturated hydroxylic formula is called the enoC* 
form, the ketonic formula the keio'' form. The alkyl 

^ Cf Chap. ix. p. 1 S 2 . 
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compounds are all derived from the keto-form of the ester, 
but acetyl and other acyl (the term acyl is used generically 
for an acid radical) derivatives of both forms are known, ^ 
viz, : — 

CHa.C : CH.COOC2H5 CH3.CO.CH.COOC0H, 

I I 

O.COCHa COCHa 

0 -Acelyl-eihylacetoacctatc. C-Acetyl-ethylacetoacctate. 

The acetyl group is linked to oxygen in the one case 
(called the 0-derivative), to carbon in the other (called the 
C-derivative) ; when sodium ethylacetoacetate is treated 
with acetyl chloride, the C-compound is formed almost 
exclusively ; but when ethylacetoacetate is mixed with 
the base pyridine, and the acid chloride added to the 
mixture, the O-derivative is obtained.^ Hence it is con- ^ 
eluded that ethylacetoacetate, which is only known in the 
form of a liquid which distils with slight decomposition 
at 181®, shows a two-fold chemical character in its reactions, 
according to the nature of the substances with which it 
combines, or the conditions under which a derivative is 
prepared. 

^RcDcrsible Isomeric Change or Dynamic Isomerism ? — So 
far the special isomeric relations exemplified by the above 
compounds are quite analogous; one, and only one, 
mother substance is known, whilst derivatives of the two 
possible structural isomers have been isolated. An im- 
portant development of the subject has more recently (since 
1896) been attained by the investigations of Claisen, 
Knorr, and Wislicenus amongst a number of compounds 
of similar chemical character to that of ethylacetoacetate, 
the most interesting outcome of which has been the 
successful isolation of the structurally isomeric forms of 
the mother substances. Similar results have also been 
obtained amongst nitro-compounds by Hantzsch and by 
Lowry. 

This shows that the so-called tautomerisni of such 

^ Note . — An cthyl-O-ethylacctoacetale has licen prepared, but not 
directly from the ester. Cf, Claisen, Berichit^ l^93> xxvi. 2731. 

Claisen and lioase, Berichie^ 1900, xxxiii. 1242. 

* A. valuable summary of this subject is given by T. M. Lowry: 
**Dyi]i&inic Isomerism,” British Assotiaiion Reports^ 1904, p- 193. 
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compounds 5s only a peculiarly subtle form of isomerism, 
and that if the requisite precautions are taken the possible 
isomers indicated by the law of the linking of atoms can be 
i«»olatcd. ..Its special importance lies, however, in the fact 
that it has given the key to a proper understanding of the 
isomeric relations of compounds which exhibit a two-fold 
chemical character. Considerable confusion has been 
introduced into the study of the subject by attempts to 
differentiate the nature of the relation where two or more 
mother substances are known from that observed with 
hydrocyanic acid and ethylacetoacetate, the terms relative 
fautomerism'^ and des^notropism'^ having been suggested 
for the former, and absolute tautomerisniy' or simply “/rtw- 
fomerismy* for the latter. But the phenomena connected 
with these re l ationg are al 1 quite sim^^^ they 

differ kindt^ and nothing is gained 

Bjr^'ucli attempts at subdivision. Amongst the many 
suggested terms for this special isomerism,^ that of 
Dynamic ho7ne7‘ism^ which is due to Lowry, is the most 
appropriate; it expresses the peculiar isomeric relations 
and mutually reversible changes that exist amongst most 
of the compounds concerned very signific.antly, as will be 
subsequently shown. 

The experimental data on which the present view of this 
phenomenon is based can be advantageously exemplified 
by Claisen’s- work on certain acyl derivatives of methane, 
by Knorr’s** investigations on diacetyldiethyl succinate, 
and by Lowry’s^ and Hantzsch’s® studies on nitro- 
compounds. 

The Isomeric relations of Acyl derivatives of Methane^ 
of Diacetyldiethyl sticcinate^ and of Nitro-compounds , — 
Claisen examined the isomeric relations of the following 
three methane derivatives, in each of which three hydrogen 
atoms of the methane molecule arc replaced by acid 
radicals: — 

^ “ Tautomerism,” “ desmolropism,” “metamerism,** ''pseudoisomer- 
ism,” “ merotropism,” etc. 

Afina/en, 1896, ccxci. 25. 

® Annahn^ 18^, ccxciii. 70; and 1899, ccevi. 332. 

Chem, So€,i 1899, Ixxv. 235. 

® Berichte, 1896, xxix. 699 and 2251 ; 1S98, \xxi. 2854; 1899, xxxii. 
57Si 1723 * and 3066; 1900, xxxiii. 278. 



366 


MODERN ORGANIC CtlEMISTRV. 


/COCH, 

ch(coch, 


Diacefyl-hcnzoyl 
» methane. 


/COCH, 

CH^COC.Hj 

^coeX 

Acetyl -dihcnzoyl 
niellKiiie. 


/COC0H5 

CH^^COCeHj 


COCoHj. 


Trilien/oyl 

methane. 


All these compounds form sodium salts, similarly to cthyl- 
acctoacctate, and it is accordingly assumed that these 
metallic compounds arc derived from the following iso- 
meric or enolic formulae: — 


^C(OH).CH 

C^COCH, 


3 


Diacetyl-bcnzoyl 

methane. 


CH3 

5 

5 

Acclyl-dibenzoyl 

methane. 


C^COC„H 


COCjH 


^C(OH).CeH3 

r|-coCfiH, 

^COC^Hj 


Tribcnzoyl 

methane. 


Only one diacetyl-benzoyl methane is known; it is a 
crystalline substance which, from its chemical behaviour 
and physical properties, is regarded as having the enolic 
structure. The second compound, acetyl-dibenzoyl me- 
thane, as prepared by the addition of acetic acid to its 
sodium salt, is a crystalline solid, melting at 99*'-ioi''; it dis- 
solves readily in alkalis and alkaline carbonates, and in 
solution gives a red coloration with ferric chloride. When, 
however, its solution in dilute alcohol is allowed to cool, the 
crystals that separate have a higher melting point, 107”- 
iio**; they further differ from the original substance by 
being insoluble in dilute sodium carbonate solution, and in 
not giving any coloration with ferric chloride. This 
same change occurs gradually on prolonged standing; and 
is effected at once when the first compound is heated to 
70'’. On the other hand, when the second compound is 
heated to no**, it is partially converted into the product of 
lower melting point. The two compounds have been 
satisfactorily proved to have the same composition and 
molecular weight; they are isomers, characterised by being 
readily converted one into the other. Their chemical 
behaviour is similar except for the two reactions mentioned 
above ; they are, therefore, regarded as fulfillrng the con- 
ditions of linking required by the isomeric, enolic, and 
ketonic formulas. Since the compound melting at 99''-ioi*’, 
which is distinguished as the a-compound, shows acid 
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properties by its ready solubility in alkalis, the enolic 
formula is assigned to it. This view is confirmed by the 
reaction with ferric chloride, since many hydroxy-com- 
pounds, especially those of the aromatic j^roup, such as 
phenol, give a coloration with this reagent. The term ^ 
“enol” is derived from this relation. Solubility in dilute 
sodium carbonate solution (i percent.) IFcbToratibn 
wVfti ferric cTilor^^ regarded' as" the characteristics pf 
eholib compounds, but the "mfefprefation of the action of 
tbesr6Teagehfs“rcquircs caution, because they may them- 
selves be the cause of isomeric change. /5-acetyl-dibenzoyl 
methane, the isomer \)f higher melting point which is 
regarded as the ketonic compound, is, for instance, 
gradually dissolved by alkaline carbonates and by alkalis, 
but on acidifying the resulting solution the a- or enolic-form 
is separated; it is thus possible to ‘‘enolise** the ketonic 
isomer. Similarly, a coloration with ferric chloride is pro- 
duced when the /5-compound is left in contact with this 
reagent for some time. 

The isomerism of these two compounds is, accordingly, 
represented by the following structural formulae: — 


^C(0H).CH3 
Cf COC0H5 
^COC,U, 

a-Compuiind (cnol-form). 


/COCH3 

cn( coc.H, 

'C0C„H5 

/i-Compouml (kelo-form). 


The third compound investigated by Claisen, tribenzoyl 
methane, is also known in two forms, which differ similarly 
to the above in melting point and in their behaviour 
towards alkalis and ferric chloride. The enolic form (a) 
is relatively very unstable; on being kept for two days it 
changes almost completely into the ketonic compound (jS). 
The isolation of these two isomer.s, the formulae of which 
are given below, is especially interesting, because there is 
no possibility of their being stereo-isomers ; this possibility 
exists with the two previous compounds, although it is 
quite inconsistent with their relative chemical behaviour: — 


^C{0H).C„H3 

cfcOQHs 

^oeX 


a-Tribenzoyl methane. 


/C0C„H3 

CH^COaH, 

\C0CeHs 

|9-Tribcnzoyl methane. 
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Knorr’s investigations on diacetyidicthyl succinate in- 
volve more complex isomeric relations.' This compound 
has the formula:-- 

ClI, -CO- CII COOCJi 
CH, -CO CH— COOC.H,. 

Diacetyldietliyl succinate. 

and is prepared by the action of iodine upon t‘he sodium 
salt of ethylacetoacetate ; it is the diethyl-ester of the 
diacetyl derivative of succinic acid. No less than thirteen 
isomeric forms of this compound are theoretically possible^ 
three of which are different in respect to the linking of 
the contained atoms, the remainder bem^ stereo-isomers. 
These isomeric relations centre in the §;‘roup: — 

— CO-CH-- 

I 

— CO— CH— 

I. 

By the movement of one or of both of the hydrogen atoms 
of this group the following two isomeric formulae arise: — 

— C(OH)=C— — C(OH) - C - - 

I I 

—CO CH — C(OH)=C— 

ir. III. 

I. is a double keto-form, III. a. double enol-form, whilst 

II. represents a mixed, keto-enol compound. I. contains 
two asymmetric carbon atoms like tartaric acid, and con- 
sequently four stereo-isomers can be derived from it 
(inclusive of the racemic combination); II. and III, 
allow of the possibility of three and six stereo-isomers 
respectively. 

Of the thirteen isomers, seven are optically inactive, and 
no fewer than five of these have been isolated by Knorr. 
There is naturally very considerable difficulty in assigning 
the correct formulae to isomers which are * so closely 
related, and which, in addition, are readily converted into 

1 Beriekfe, 1897, xxx. 2387 ; Annahn, 1899, ccevi. 332. 
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one another ; but from their reactions with ferric 
chloride and their relative behaviour towards alkalis and 
"^alkaline carbonates, two of these compounds, known as 
the Oj and forms, are regarded as having the double 
enolic structure (III.); one, appears to be a keto-enol 
form (II.); and the remaining two {ft and y) diketo-forms 
(I.). With the exception of the aj-compound, which is 
a ‘liquid,, and possibly a mixture, they are all crystalline 
substance^ of definite melting point, and show different 
solubilities in certain solvents, especially in petroleum 
spirit. The most important and interesting fact that has 
been established by the study of these compounds is that / 
when ai^ one of them is dissolved in^tbjB.sam^olvent and 

pf a J?3*xlurejof 

id^itical composTtlxin results. When benzene or chloro- 
ForTii is employed as the solvent, the proportion of the 
ketonic to the enolic forms is i to i ; when ether or 
petroleum spirit is used, it is 7 to 3. These proportions ^e 
hardly influenced either by changes of temperature or by 
varying the concentration of the solutions. When heated 
individually, they all first form a similar mixture, in which 
the ketonic and enolic forms are p«5sent in the ratio of 
2 ; 3 ; on prolonged heating the other isomers are gradually 
and completely changed into the ^^-compound. Other 
interchanges of a similar ch.aracter can be effected by 
various reagents and solvents. 

The isomeric relations observed amongst certain nitro- 
compounds are quite analogous. For instance, nitroethane 
and phenylnitromethane form salts with alkalis which 
were formerly represented by the formulae: — 

CHa.CH^.NO,. CH3.CHNa.NO„. 

Nitroethane. Sodium nitroethane. 

CgHj.CH^.NO^. C8H5,CHNa.NO.. 

Phenylnitromethane. Sodium phenylnitromethane. 

As in the case of ethylacetoacetate, it was assumed 
that the close proximity of an electronegative radical (in 
this case the NOjj group) imparted acidic properties to a 
hydrogen atom in the CHg group. In conformity with the* 
view since accepted for the structure of the metallic salts 
of ethylacetoacetate and similar compounds, these sodium 

24 
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derivatives of nitro-compoiinds are now also regarded as 
derived from an alternative or pseudo-formula containing 
an liydjTOxyJ group: — 

CH,.CH = NO. OH. CH3.CH = NO.ONa. 

Nitrocthane (Afternative formula). Sodium nilrocthanc. 


QHj.CH-NO.OH. 

Fhenylnitromethane. 
(Alternative formula.) 


C,.H5.CI1 = NO.ONa. 

Sodium 

pheiiylnitrotiietliaiie. 


In addition to these sodium compounds, several other 
derivatives of these nitro-compounds are known, the struc- 
ture of which can only be explained by the hydroxylic 
formula, thus indicating the two-fold chemical character 
of the mother substance ; in the case of phenylnitro- 
methane and some of its substitution products both isomers 
are known. Phenyl nitrorfiethane is prepared by the action 
of silver nitrite on beni^yl chloride, according to the 
elation : — 

C,H5.CH,.Cl + AgNO. = C,H5.ClI,NO, + AgCl. 

It forms a liquid, wlikh boils at 226% and dissolves slowly 
in sodium hydroxide to form the sodium salt. When 
this solution is acidified by carbonic acid, the original 
product is regenerated; but if hydrochloric or other strong 
mineral acid be used for the decomposition of the sodium 
salt, a crystalline isomer is obtained melting at 84\ These 
crystals revert to the liquid nitro-compound on staging 
or when dissolved; they give a coloration with ferric 
chloride, whereas the liquid form does not react with this 
reagent. The latter is, therefore, regarded as containing 
the normal nitro-group, whilst the hydroxylic or cnolic 
formula is assigned to the solid isomer. The change from 
the enolic to the ketotilc form is said to be complete and 
not reversible, thus differing from the instances given 
above; but it is more probable that a small proportion of 
the less stable or labile isomer is present in the liquid 
product. All i.someric changes are most likely accom- 
panied by some amount of reversal, although it may be 
too little to be detected by the methodic at present avail- 
able. That such mixtures do arise amongst nitro-^ 
compounds has been fully proved by Lowry’s study of 
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two camphor compounds, nitrocamphor and ir>brom-' 
nitrocamphor : — 

/CH.NO., .CH.NO., 

C«n, / I ' 1 

\co ^co 

Nitrocamphor. 7 r-l>rom nitrocattophor. 

The altcrjaalivc formuUe lor these compounds are: — 


X^NO.OH 

I 

\co 

Nitrocamphor. 
(Alternative formula.) 


and 


siivM I 

\r'( 


C = 

I 

CO 


NO.OII 


TT-Brom ‘nitrocamphor. 
(Altci native formula.) 


The investig^ations on brom-nitrocamphor are specially 
complete. Three isomers of this compound were originally 
described, melting at 108% 126'', and 142** respectively, of 
which the first and last form >vell-defined crystals. The 
subsequent study of these compounds has shown that 
there are really only two isomers, the third, that of melting 
point 126% being a mixture, which is obtained when either 
of the other forms is fused, or is separated from solution 
by rapid evaporation. The isomer of higher melting point 
(142') is much the less soluble of the two; both have the 
same molecular weight, and when dissolved the two 
modifications ultimately yield identical solutions. Ferric 
chloride, which in most cases is a useful reagent for 
distinguishing isomers of this type, gives a coloration 
with both compounds, and no difference could be detected 
in the depth of the colour produced or in the velocity with 
which it is formed. This behaviour is unusual, and is to ^ 
be attributed to the accelerating, catalytic effect of ferric 
chloride on the isomeric change. Nor has it been possible 
to differentiate these isomers by other chemical reagents, 
but this has been successfully effected by considerations 
bearing on the muta-rotation the two forms show when 
dissolved, as will be pointed out in connection with the 
application of ptosical methods to the determination of the 
structure of dyhmhic isomerides (p. 389). 

Theoretical Considerations regarding Dynamic Isomerism* 
— The above examples of dynamic isomerism represent 
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only a few of the types of compounds in which the 
phenomenon has been established, but all exhibit one and 
the same characteristic, the change from one isomer to 
another involving the movement or wandering of a 
hydrogen atom and the readjustment of the atomic linkings 
in the molecule. 

When ketonic compounds change to the enolic form 
this characteristic is represented by the atomic rearrange- 
ment: — 

«CH— C = 0 — > -C = C— OH 

I A 1 


Ketonic form. £no!ic form. 

which is reversed when the enolic isomer is ketonised. 
Similarly, the change of a nitro-compound to the hydroxylic 
or pseudo-form follows the course: — 


V 

= CH— Nf 

Nitro-compound. 


.C-N< 


OH 

O 


Pseudo-form. 


These isomeric changes are in every way analogous to those 
of hydrocyanic acid and of the unknown isomers of acet- 
aldehyde and acetone. They are concerned clearly with 
the movement of the atoms within a molecule, and their 
study is a dynamic problem, as distinct from the static 
considerations that obtain with the law of the linking of 
atoms and with stereochemical isomerism. Hence the 
term “dynamic isomerism” is especially appropriate. 
Not that dynamic considerations do not enter into all 
other chemical reactions, such as substitution, reduction, 
oxidation and the like, but because the separate existence 
of isodynamic forms is specially governed by the relative 
atomic movements within the molecule. 

The original hypothesis advanced by Laar to account 
for the fact that one mother substance .^puld form two 
series of derivatives was that the “ tautodHric” compound 
really consists of two forms which continually pass into 
one another by the movement or vibration of a hydrogen 
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atom. Hydrocyanic acid and ethyl acetoacetate, for in- 
stance, were looked upon as substances which, instead 
of possessinf^ a definite structure, oscillated backwards 
and forwards between the alternative structural formula?, 
as represented by the symbols : — 

C :_N CH3— CO-. CH— COOC.H,. 



Hydrcfcyanic acid. Ethylacetoacctate. 

This view embodied the idea that such compounds were 
homogeneous molcculei^, whilst it avoided any conclusion 
as to their specific structure. The isolation of dynamic 
isomerides effected by Knorr, Claisen, Hantzsch, Lowry 
and others has, apart from other considerations, rendered 
this hypothesis untenable ; isodynamic forms have been 
shown to exist as distinct substances in the crystalline state 
possessing individual physical and chemical properties. 
Each isomer has a definite structure, but when fused or 
dissolved a reversible isomeric change sets in and a 
condition of equilibrium between the isodynamic forms 
becomes established. This isomeric relation has been 
proved to exist in all those cases of dynamic isomerism in 
which two or more isomers have been obtained in the 
crystalline state. In the case of liquids, such as ethyl- 
acetoacetate, one or more isomers may be present, and in 
the latter instance the several forms will exist side by side 
in a state of equilibrium. The proportions of the isomers 
present under these conditions of equilibrium may show 
the greatest variations. In extreme cases, say of a 
compound of which only two isomeric forms are possible, 
the proportion of one of these may be so small as to be 
practically negligible. This condition may be regarded as 
a limiting case of dynamic isomerism, and it is represented 
by the unknown isomers of acetaldehyde and acetone. 

This view of dynamic isomerism rests upon sound 
experimental data, of which the examples detailed above 
are typical. That a condition of equilibrium can exist 
between isomeric compounds was proved long ago by 
Hutlerow (1877), the outcome of a most valuable 
research on hodihutylene^ and it is now well established 

^ Afwahny 1877, clxxxix. 44. 
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that these conditions obtain when isodynamic compounds 
are melted or dissolved ; they are only somewhat masked 
by such physical properties as solubility or melting' point. 
In the case of diacetyldiethyl succinate, for example, all 
the isomers are gradually and completely converted into 
the /-t, diketo-form, but this in no way disproves the 
existence of a condition of equilibrium. The change is 
due solely to the fact that this form is the least soluble, 
and has the highest melting point, and therefore*separatcs 
from the mixture most readily, either when the latter is 
dissolved or heated. As the least soluble isomer separates 
out, a readjustment of the equilibrium occurs, with the 
formation of a further quantity of this isomer, which con- 
tinues to separate out in the same way, and thus the whole 
of one or more of the other forms passes gradually and 
completely into the /i-compound. Nor does this indicate 
that the j^-isomer is the most stable of the five ; on the 
contrary, the mixture of identical composition obtained 
from any of the isomers, when dissolved, always contains 
as much, sometimes more than thrice as much of the 
enolic forms, according to the solvent employed. The 
principle is exactly analogous to that which determines 
the precipitation of inorganic salts which, as is well 
known, depends upon their solubility and not upon tbeir 
stability. The real dynamic isomerism of these com- 
pounds, of which two or more mother .substances arc 
known, exists, therefore, only when they are dissolved or 
melted ; when isolated in the crystalline state they arc 
simply structurally isomeric compounds. The possibility 
of isolating dynamic isomerides must consequently be 
determined chiefly by the temperature at which they 
become isodynamic and the velocity of the change. 
Several instances are known of isomeric compounds 
which are quite stable at the ordinary temperature but 
which become isodynamic upon heating. For example, 
the preparation of thiourea from ammonium thiocyanate, 
a change is analogous to Wohler’s synthesis of 

urea,^ is reaUy a reversible isomeric change^: — 

' C/, Chnp. X. p. 218. 

KcyfioMs nnd Werner, y. Chetn. Soc., 1903, Ixxxiii. i; and A. Findlay, 
/. Chefn* Soe.f 1904, Ixxxv. 403, 
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cNs.NEi, cs(NH,), 

Aiiitiioniuni tliinryanatc, Tliirjiueu. 

When either of these compounds is fused it is piirtially 
converted into the isomeride, and in each case a product 
consisting of about 75 per cent, of the thiocyanate and 
25 per cent, of thiourea is formed. This represents a 
condition* of equilibrium of the same character as that 
observed with the isodynamic compounds described above. 
The change from the one isomer to the other is not, 
however, dependent Only upon the movement a 
hydrogen atom; it involves a more complex molecular 
rearrangement. Also, each isomer is sufficiently stable 
at the ordinary temperature to be easily separated by 
chemical methods, 

Between such conditions of isodynamic change and 
those which occur with moderate velocity at ordinary 
temperatures many intermediate stages are possible, and 
at the opposite extreme the dynamic isomerism of subf 
stances, such as hydrocyanic acid and ethylacetoacetate, 
which are only known in the form of physically homo- 
geneous liquids, is reached. The separation of the 
isomers in such equilibrium mixtures has not yet been 
possible, and in fact it is only by special methods that 
their presence and proportions can be determined. If, 
however, these relations could be studied at temperatures 
considerably below Sjie normal it is highly probable that 
many of the compounds which are ordinarily regarded as 
labile could be readily separated as distinct and stable 
visomers. 

I The Application of Chemical Methods to the Hndy of 
Dynamic Isomerism . — Two chemical reactions have been 
described above for the diffefentiation of isodynamic com- 
pounds — namely, solubility in dilute sodium carbonate 
solution and the formation of a coloration with ferric 
chloride. When the extreme conditioq^ca^ be realised 
these reactions are satisfactory, WhieSe both isomers 
are known and the one is not affected by either of these 
reagents it can safely be regarded as the kotonic form; 
but in many cases their accelerating influence on the 
isodynamic change destroys the specific value of the 
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reactions. The coloration with ferric chloride, as a test 
for the presence of the enolic form, is the more reliable of 
these two reactions, as it is produced by the conversion 
of only a small quantity of the substance into the ferric 
salt, and not only has it been of value for the recoi>nition 
of enolic isomers, but also as a means of following the 
gradual enolisation of the ketonic forms* ; still, in some 
instances the accelerating effect of the ferric chloride on 
the isomeric change is so rapid, as in the casecof brom- 
nitrocamphor, that the reagent fails to differentiate the 
two isomers, whilst the reaction is also greatly influenced 
by . the nature of the solvent used. With homogeneous 
liquids like ethylacetoacetate, which show' isodynamic 
relations at the ordinary temperature, these reagents can, 
at most, indicate the presence of one of the isomers, but 
not the absence of the other ; ethylacetoacetate gives an 
immediate reaction with ferric chloride, showing that the 
liquid may contain the enolic modiheation, but this in no 
way proves that the compound is wholly made up of this 
form. There is, in fact, much other evidence to show that 
the ketonic form greatly preponderates in this compound. 

Apart from these comparatively simple reactions, it 
would at first sight appear quite easy to distinguish the 
presence of an hydroxyl and of a carbonyl group in enolic 
and ketonic isomers. Each of these groups : — 


/ 1 

and 

\c— OH 
/ 11 

-CH, 


— CH 

Ketonic group. 


Enolic group. 


gives specific reactions with a variety of reagents, several 
of which have already been considered. Ketones react 
with hydroxylamine to form oximes, with phenyl hydrazine 
to form hydrazones ; alcohols form acetyl compounds, 
sodium salts, and other acid derivatives, whilst the two 
groups are, in addition, differentiated by the action of 
phosphorus pentachloride. ® Moreover, there are many 
reactions which serve for the recognition of an ethylene 
bond such as is present in the enolic compounds, but 

* Cf, WisHcenus, BerUhte^ 1899, xxxii. 2837 ; 1900, xxxiii. 125. 

^ Chnp. viii. p. 143, 
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absent in the keto-forms. A little consideration, however, 
will show that reactions of this character must of necessity 
be inconclusive. In Ihe first place, they practically always 
necessitate, either solulion, or the employment of a tem- 
perature above the mcltin^^ point of the compound in- 
vestigated, so tlial whether the subsUance is isodynamic at 
the ordin«ary temperature or not, the experimental condi- 
tions involve the reaction taking- place in presence of an 
equilibrium mixture of the two isomers. Secondly, 
althoug-h only one of the isomers in this mixture may be 
able to enter into chemical combination with the reag^ent 
employed, it can only do so by disturbing the condition 
of equilibrium in the mixture. This condition will be 
continuously rc-estjiblrshed as the combination takes 
place; further portions of the reactive isomer will then 
enter into combination, and thus the whole of the original 
product may be gradually converted into a derivative of 
one isomer only, just as Knorr’s /^-diacetyldiethyl succinate 
is formed when the other isomers are heated or dissolved. 

Further, whilst a reagent might be expected to react 
only with one isomer, the other modification may also 
take part in the change, apart from any structural altera- 
tion in the initial molecule, owing to the possible formation 
of intermediate additive compounds. An instance of this 
was given in the preparation of the alkyl derivatives of 
ethylacetoacetatc from its sodium salt,^ and it is well 
exemplified in the isomeric relations of the inorganic and 
organic cyanides. Potassium and silver cyanide yield 
isomeric compounds when treated with an alkyl iodide, 
whence, as stated above (p. 362), the conclusion might be 
drawn that the silver salt has the isocyanide structure: — 

K— Ce-N Ag— N'^-C 

Potassium cyanide. Silver isocyanide. 

The alkyl compounds obtained from silver cyanide are, 
undoubtedly, isocyanides, but acid chlorides, such as 
acetyl and benzoyl chloride, react with silver cyanide to 
form normal cyanides : — 

CH, CHsCO-Cr-N. 

Methyl isocyanidc. Acetyl cyanide. 

* C/. Chap. ix. p. 185. 
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Similarly, potassium cyanide in many of its properties 
shows an isocyanide structure, althouj^h its reaction with 
alkyl iodides points to its bein^ a normal cyanide. It 
thus appears that eacli of those two salts yields derivatives 
of two types. I hc above reactions, therefore, do not suffice 
to decide between the alternative formulm for the salts, 
and still less are they of value as evidence of the structure 
of hydrocyanic acid itself. Other chemical chang-es arc 
more definite in their character, and the balance V)f facts is 
favourable to the view that both potassium and silver 
cyanide are isocyanides ^ : — 

K— N^C Ag— NiTfC 

Potassium isocyanide. Silver isocyanide. 

This is in accordance with the structure which has been 
deduced for hydrocyanic acid itself from considerations of 
its acidic strength and of its electrical conductivity.*-* 

The formation of alkyl isocyanides can proceed directly 
from compounds of this structure ; to account for the 
formation of normal cyanides it is suggested that inter- 
mediate additive compounds are formed. 

Attempts have been made to differentiate dynamic 
/ isomerides by means of reagents which combine with both 
the enolic and ketonic modifications simultaneously, but 
which lead to the formation of different compounds in the 
two cases, the one ketonic and the other enolic. This 
method was applied to decide the proportions of the two 
forms contained in ethylacetoacetate.^ From the previous 
considerations it is obviously fallacious, but the experi- 
ments involved are of interest because they showed- that 
the presence of only a trace of an added base governed 
the nature of the resulting compound. When ethylaceto- 
^ acetate is treated with benzal-aniline, for instance, a 
substance that can react with both enolic and ketonic 
compounds, the resulting product is a solid melting at 
103% but when a trace of the base, piperidine, is present 
an isomer melting at 80’ is obtained;** which of these 

’ Wacle,y. Cheni. Soc.,, 1902, Ixxxi. 1596. 

- Chap. X. p. 193. Of. also Ncf, Annalen^ 1892, ccNx. 329; 1895, 
cdxxxvii. 325. 

Schiff, jienckiey 1898, xxxi. 601. 

* F. E. Francis, IhrickU^ I 903 » xxxvi. 937; and /. Chem. Soc.^ 1904, 
Ixxxv. 998. 



ISOMERIC CHANGE AND DYNAMIC ISOMERISM. 379 


compounds is the ketonic and which the enolic form has 
not been decided. This base has a similar influence, it 
will be remembered, in the preparation of the C-acetyl 
derivatives of the ester. Such catalytic rcai^ents condition 
the chemical behaviour of other dynamic isomerides, and 
it is probable that they function throiit;h the formation 
of intermediate additive compounds;^ the results prove 
nothing, however, in regard to the structure of the 
original swbstance. 

Catalytic reagents not only condition the chemical be- 
haviour of dynamic isomerides, but appear to be essential 
for the establishment »f equilibrium. It has been shown ^ 
that the most easily convertible compounds do not change 
spontaneously, but that a catalytic agent is in all cases 
necessary for a reversible isomeric change to occur. The 
amount of the catalyst required to establish equilibrium 
may be extremely, almost inconceivably, small; in the 
case of nitrocamphor the addition of 0.0001 per cent, of 
piperidine is sulficient to effect this in two or three hours, 
and in other instances the solvent action of a solution of 
one of the isomers on the glass of the containing vessel 
will suflicc. The action of ferric chloride on brom-nitro- ^ 
camphor (p. 371) is a further instance of this catalytic 
effect. 

The necessity for the presence of a catalytic agent is 
accordingly regarded as a characteristic of dynamic 
isomerism ; the phenomenon is, therefore, an intcrmolecular 
process, and not an intramolecular change, as required by 
Laar’s hypothesis of the oscillation of a hydrogen atom 
within the molecule. 

The value of chemical agents for deciding the structure 
of dynamic isomerides is, from the foregoing considera- 
tions, clearly very restricted. When the conditions of 
reaction are such that the isomeric change proceeds 
slowly, they provide a useful means for separating the 
constituents of an equilibrium mixture; but since the 
majority of chemical agents act catalytically as acceler- 
ators of isomeric change, this application is also of 
limited value. 

* Cf, Lowry, /, Chem, Soc,y 1899, lx?(v. 2/\i. 

2 Lowry, y. CAm. Soc.^ 1899, Ixxv. 219: anti British Association 
Reports^ 1904, p. 193. 
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The Relation of the Physical Properties of Organic 
Compounds to their Structure^ and the Application of this 
Relation to the Study of Dynamic Isomerism. — Owing to 
the limitations of the chemical methods as a means of 
deterininiiig the structural relations of isodynamic com- 
pounds, other methods have been sought which are free 
from the disturbing influences that of necessity arise when 
chemical changes are involved. Such independent criteria 
obtain in the study of the physical properties cf organic 
compounds, for they can be investigated without the 
intervention of any extraneous reagent. They have been 
shown to stand in close relation to the structure of com- 
pounds, and since the development of the subject of 
dynamic isomerism these properties themselves, and the 
changes they undergo under the influence of heat or of 
solvents, have proved of great value for the recognition of 
the presence and proportions of isodynamic compounds. 

Kopp (1842) was the first to draw attention to the 
importance of the relation of the physical properties of 
compounds to their structure,^ and his views were eagerly 
studied and extended as a welcome aid in solving the 
complexities of organic chemistry. This study and ex- 
tension brought many irregularities to light, and led to a 
more accurate determination of physical constants than 
had been previously carried out. The result of these later 
investigations has been to show that the relation between 
physical properties and chemical structure is far more 
restricted in character than had been supposed, and that 
marked limitations attend its application. These limita- 
tions are now fully recognised, and with their recognition 
certain physical properties have again taken rank as a 
means of elucidating structural problems. 

The physical properties of compounds are distinguished 
as additive, constitutive, and colligative^ Mass is an 
example of a purely additive property ; substances con- 
taining the same number of like atoms have all the same 
molecular weight, however these constituent atoms are 
arranged. Such properties can give no insight into the 
structure of compounds. Constitutive physical properties 

* Cf, Thorpe, “Kopp Memorial Lecture,” J, Chem. Sor., 1893, 
Ixiii. 775. 

® C/. Chap. V, p. 76. 
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depend not only upon the number and kind of the atoms 
present in a molecule, but show variations according to 
the manner in which these atoms are linked together. 
The melting point and boiling point are good instances 
of constitutive physical properties;^ also the molecular 
refraction and molecular volume, which have been referred 
to in respect to their bearing on the structure of benzene.^ 
All these properties are more or less additive in character 
as well, bht they depart from purely additive properties, 
such as mass, by showing constitutive variations accord- 
ing to the manner in which the atoms of a compound 
are united. These coi^stitutive influences are the valuable 
factors in the study of the relation of physical properties 
to the structure of compounds. Cclligative properties, 
such as the molecular volume of gases, are the opposite of 
additive properties; they are independent of the number 
and nature of the atoms in a molecule; like purely additive 
properties, they have no bearing on structure. 

The most important constitutive physical properties in 
relation to dynamic isomerism are the refraction constant, v 
the magnetic rotation of the plane of polarisation, the 
optical rotatory power, the selective absorption of light, 
the electrical conductivity, and the solubility; to these 
may be added the heat of formation of compounds, which 
has already been considered in its bearing on the structure 
of ethylene, acetylene, and benzene.® Other physical pro- 
perties, such as the molecular volume, crystalline form, 
the viscosity and the surface tension of liquids, have also 
been shown to bear certain, more or less definite, relations 
to the structure of compounds, but they are more limited 
in this respect than the above. 

The Refraction Cons/atit ^ — The refractive power is an 
expression of the velocity of light in a transparent sub- 
stance, and is ascertained by measuring the deviation of a 
ray of light in passing from one medium into another. To 
carry out the measurement, the liquid to be examined is 
placed in a hollow, glass prism and the deviation of a 
monochromatic beam of light determined. The sine 
of the angle of incidence of the light always bears a 

* Cf. Chap. vi. p|). 82 and 86. 
cy Chap. V. p. 76, 

» Chap. iv. p. 56 ; and Chap. v. p. 76. 
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constant ratio to the sine of the angle of refraction, and 
this ratio, which represents the relative velocities of light 
in the two media, is known as the index of refraction. 
The velocity of light in air is taken as the unit i , and 
sueban expression as n— 1.3606, for ethyl alcohol, signifies 
that the relative velocity of light in alcohol and in air is 

represented by the ratio The refractive index of a 

liquid varies both with the wave-length of the* light and 
with the temperature. In order to avoid the first of these 
influences, it is always measured for light of definite wave- 
length, usually the red hydrogen line (Ha) or the yellow 
sodium line (Dj). The influence of temperature on the 
refractive index was investigated by Gladstone and Dale 

(1858), who showed that the^xpression ~ in which 

(t 

represents the index of refraction and dy the density of the 
liquid at the temperature of the experiment, is practically 
independent of temperature. They, therefore, regarded this 
factor, which is known as the Refraction constant y as the 
real measure of the refractive power. Later investigations 
have shown that a somewhat more complex formula is a 
more correct expression of the refraction constant.^ The 
product of the refraction constant and the molecular w eigh t 
is constant,** or “mole- 

cular refracti on.^* This factor was atTirstTo“oked upon as 
a”purdy additive property, the refraction constant for a 
compound being regarded as equal to the sum of the 
constants of its constituent elements. The refraction 
constants for the elements can only be arrived at indirectly, 
and the method adopted is typical of that generally em- 
ployed in the study of the relation of physical properties to 
the composition of compounds. 

Amongst the aliphatic alcohols, the fatty acids and their 
ethereal salts, there is an average increase of 7.6 units in 
the molecular refractive constant between the successive 
members of each homologous series. This value repre- 
sents, therefore, the molecular refractive constant of the 

i 

^ Suggested from theoretical considerations, independently, 

by Lorenz and Lorentz (18S0}. 
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group CHg. The constant obtained by experiment for 
acetic acid, is 21. i; by subtracting 2x7.6 

( = CH2X2) from this value, the constant for Og is ob- 
tained, and from this the atomic refraction of oxygen. 
This is, therefore, equal to 5.9 2 = 2.95 ; the average value, 
similarly calculated, from a number of other compounds is 3. 
The atomic refraction of hydrogen and of carbon can be 
derived on analogous lines from the molecular refraction 
constants ^of the alcohols. The value for ethyl alcohol, 
C2HflO, is 20.70; subtracting 2CH2 = 7.6 x 2 and 0 =^3, the 
constant for Ho = 2.5 is obtained, and the atomic refraction 
for hydrogen, 1.25 (K3 is the average value). Finally, 
with and H2"='2.6, the difference represents the 

atomic refraction for carbon as equal to 5. 

The additive character of this constant can be illustrated 
in the case of ethyl acetati$ CH^.COOQH^. Calculated 
from the elements, it should be: — 

4C + 8H + 20 = (4x 5) + {8x 1.3) + (2 x 3) = 36.4, 

the value actually found being 36.17. 

Briilil, however, pointed out that the above atomic con-*^ 
stants are but an incomplete representation of this physical 1 
property, and that the refraction constant, instead of being 
purely additive, shows marked constitutive variations , 
amongst different classes of compounds. The atomic 
refraction of oxygen, for instance, varies with its con-, 
dition of combination; when combined with hydrogen in 
the hydroxyl group, it is smaller (2.75) than when in direct 
combination with carbon in the carbonyl group, C = 0 , . 
(3.4). Similarly, different values arise for singly, doubly, 
and trebly linked carbon atoms, and for ter- and quinque- 
valent nitrogen. These are the valuable constitutive 
factors of refraction which are of service in deciding the 
structure of compounds. 

The isomeric forms of the kctonic esters of the type of , 
ethylacetoacetate contain one or other of the groups: — 

- or ^C(OH)v CH-- 

The calculated molecular refraction for the ketonic formula 
will differ from that for the enolic owing to the presence of 



384 MODERN ORGANIC CHEMISTRY. 

a double linking between the two carbon atoms, and of 
hydroxylic in place of carbonyl oxygen in the latter^ the 
actual figures being 31.78 and 32.72 respectively. BruhP 
found the molecular refraction, as determined by experi- 
ment' at the ordinary temperature, to be 31.991 and con- 
cluded, therefore, that the ester is essentially ketbnic; he 
also confirmed the ketonic formula for the alkyl derivatives 
of ethylacetoacetate by determinations of their molecular 
refraction.* ' 

The calculated values of these physical constants for 
more complex ketones, such as diacctyldiethyl succinate, 
are obtained by extrapolating the values derived from 
simpler compounds, but in such cases the method is open 
to the criticism that the other groups present may influ- 
ence the physical property examined. This objection 
applies to all constitutive physical properties, but any 
changes these properties undergo under the action of 
heat 01^ solution are altogether free from such influences, 
and the evidence such changes afford of reversible isomeric 
change jn equilibrium mixtures of isomers has consequently 
been recognised as an important additional means of 
applying the physical properties of compounds to the 
investigation of dynamic isomerism. Thus, in the case 
of the diacctyldiethyl succinates the refraction constant 
of the enolic (a) forms is greater than that of the 
ketonic {fi) isomer. The latter, when dissolved in ether, 
alcohol, or acetone, shows a small increase in the value 
«of the constant, which indicates its partial conversion 
into the enolic form; and When either the P- or the 
a^-isomer is dissolved in chloroform and allowed to 
stand for 120 hours, the refraction constant is found to 
be the same in the two cases, showing that an equi- 
librium mixture pf identical composition has been formed 
by a reversible isomeric change between the two com- 
pounds.^ 

The Magnetic Rotation of the Plane of Polarisation.— 
phenomenon of the magnetic rotation of the plane of 
polarisation, discovered by Faraday in 1846, has been the 
subject of a very cofitplete series of investigations by 

* Berichte^ 1892, xxv, 366. 

BericA/e, 1894. xxvii. 2378. 

^ Knorr, AnnaleH^ 1899, ccevi. 359* 
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Sir W. H. Perkin in respect to its bearing on the structure 
of compounds.^ 

Transparent substances, when brought into a magnetic 
field or into the interior of a coil of wire conducting an 
electric current, acquire the power of rotating the plane of , 
polarised ligfit, and retain this power whilst the electro- 
magnetic action lasts. The conditions influencing the 
angle of. rotation have been carefully examined, and they 
are fully tttken into account in computing the values for 
the Moleadar magnetic rotation of compounds, in which 
the rotation due to the molecule equivalent of water (18 
grams) is taken as the unit. The experimental results, 
show that the magnetic rotation is a much more strongly 
marked constitutive property than the refraction constant, 
and in the al^shadc group especially this constitutive influ- 
ence shows distinct and applicable regularities. The 
additive nature of the property is shown in the general 
formula for aliphatic compounds: — 

Molecular magnetic rotation — C 4- w. 1.023, 

in which n is the number of groups present in the 
molecule, and C a constant, which varies for each homo- 
logous series; the latter expresses the constitutive influ- 
ence. By means of this formula the position of a compound 
in its group, or the actual group in which it should be 
classed, can be checked by a determination of its magnetic 
rotatory power. 

Perkin has, in addition, ^iven special attention to the* 
magnetic optical activity of isomeric compounds. All 
unsaturatcd compbuqdx have a greater magnetic rotatory 
power than the corresponding saturated ^ubstances, and 
by considering the ahjanged l|i this property ^at accompany 
the substitution of a hydrogen atom characteristic 

isomeric group# of the ketonic esters, — CO-— CHg — , and, 
— C(OH)=sCH — , a reliable basis has been established for^ 
calculating the rotatory power of either the ketonic or the. 
enolic form ofe dynamic isomers. The value for the latter 
is about 20 per cent, greater th||p that for the former, 
the calculated figures in the case of ethyiacetoacetate 

I /. CAem, 1884, xlv. 421; 1892, Ixi. 800; 1894, lx v. 815; 1896, 
Ixix. 1025. 


25 
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being 6.510 and 7.849 for the ketonic and enolic forms 
respectively. The molecular magnetic rotation for this 
compound, as determined by experiment, is 6.502 at 15" 
and 6.448 at 91°, showing that at bi^th thes0 temperatures 
it is essentially a saturated ketone ; the sma)j^ decrease in 
the-'rotatory power at the higher temperature Isr observed 
with all compounds tt> i^bout this extent. The alkyl 
.derivatives of ethylacetoacetate are also ketonic com- 
pounds, according to the measurements of their magnetic 
rotation. These results are fuITy in accord with the con- 
clusions derived from the determination of the refraction 
constants. 

Whilst these simpler ketones show no abnormal change 
in magnetic rotation upon heating, observations on com- 
pounds containing two ketonic groups have established 
very valuable evidence of the presence of mutually con- 
vertible isomers, and have, in addition, shown the influence 
of substituents on the relative stability of the ketonic and 
enolic forms. The following experimental data obtained 
with acetylAcetone (diacetylmethaiie) and its monomethyl 
and dimethyl derivatives illustrate these relations : — 


{ Temperatui^ 

1 

Molecular 

Rotation. 

Difierencc 
for 100'. 

Acctylacetonc 

16". 7 

90” 

7.«7S 

6-599 

0*755 

Methyhacctylacetpji^e. . . 

I7‘.4 

96'.% 

7.290 

6.670 

0.78s 

Oimethyl-acelylacetone 

- . ■■ 

*9“. 3 

92.3 

, 7-042 

6-995 

0.064 


These com];^,ai^S.edch contain two ketonic groups like 
diacetyldieth^ sudCmate and might haYe, similarly, a 
double ketonic, a keto-enolic, or a double enolic structure, 
represented in the case of acetylacetone by the following 
formulae:— 


I. CH3.CO.CH*; .CH3, Di-ketonic formula. 

11. CH3,C(0H) : CH.CO.CH3 Kcto-enolic formula. 

III. CH3.C(0H) : C : C(OH).CH3. Di-enolic formula. 
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^ - V* - 

The molecular ^-roiatton for each of these forms c^n be 
calculated on the lines indicated above. When compared 
with the figures obtained experimentally they show that 
at the ordinary tempdlrature acetylacctone consists of an 
equilibrium mixture containing ^ per cent, of the keto- 
enolic foimi (ll.)i cent, of the di-enolic form 

(HI.); monomethyl-acetylacetoue consists of 46.4 percent, 
of the di-ketonic form (1.), and 53.6 per cent, of the keto- 
enolic form, whilst the dimethyl compound is wholly 
di-ketonic. The decrease in the magnetic rotation on 
heating indicates the formation of the ketonic from the^ 
hydroxylic groups hi the case of acetylacetone and the 
monomethyi compound ; the change in the case of dimethyl- 
acetylacetone is not greater than that generally observed 
with an increase of temperature, and, as in the case of 
ethylacetoacetate, it shows that there is no appreciable 
change in the composition of the equilibrium mixture at 
the higher temperature. The introduction of alkyl groups, 
therefore, decreases the relative stability of the enolic forms 
of these compounds, and this influence has been observed 
with several other similarly constituted substances. That 
the thermic changes in the moltcular rotation are really 
concerned with an alteration in structure is confirmed by 
the observation that the' umgnetic rotatory power of these 
compounds, after being heated and then allowed to cool, 
remains lower than it was originally; it is only after a con- 
siderable interval) in some cases days, in others weeks, ^ 
that it returns to its initial value, or, in ,:Q^er words, that 
the original conditions of e^ilibrium areTestored^ 

The magnetic rntatory power has also been applied to 
the study of the phe^fqimenon of the muta-rotation of the 
carbohydrdt^yPi^ and^rae results obtain^ show that the 
characteristic Ghai|g#lh|it is observed id the optical rota- 
tion of these cojgnpounds, when disufol^ed^ is due to an 
alteration in structure. In the case^t>f ^ucose, for in- 
stance, the experimental determination of the molecular 
magnetic rotation gave the value 6.723; the calculated 
value for the Ordinary aldehyde forpiula (I.) is 6.913, that 
for the oxide formula (II.), which the ethers of 

glucose are derived,^ about 6.7. Hence, it is concluded 

* W. H. Perkin,/. CAem, Soc,^ 1902, Ixxxi. 177. 

* C/, Chap. xiii. p. 347. 
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that solutions of gflucose, after all change has taken place, 
consist of an equilibrium mixture containing essentially 
the oxide forms with probably a small proportion of the 
akiehydic isomer. 


Clio 

CHOH 

I 

CHOU 

/ 1 

/ CHOI!. 

1 

q 1 

CHOH 

\ CHOH 

I 

CHOH 

\cH 

1 

CHOH 

1 

CHOH 

1 

1 

CH^OH 

CH,OH 


I. Aldehyde formula. II. Oxide formula. 

The results show quite definitely that muta-rotation is 
not due to the hydration of the glucose molecule as was 
formerly considered probable. It has similarly been shown, 
from determinations of the magnetic rotation, that the 
muta-rotation of fructose, galactose, lactose, and maltose 
is, in each case, consistent witb^the view that an isomeric 
molecular change takes place in solution. 

The Optical Rotatory Power . — The rotation of the plane 
of polarisation of a beam of light is a constitutive property 
dependent upon the presence of an asymmetric atom. 
Experiments by"(5uye and others have shown that this 
property^^s to some extent allditive also, but the regu- 
larities are not sufficiently established to warrant very 
definite conclusions on this point.^ On the other hand, 
the changes in i^atory power thair occur 'when certain 
substances are ^iflflplved, the phenomendn of muta-rotation, 
is an important theaos for the recognition of the presence 
of dynamic isomerides; its value is added to by the fact 
that such isomerides usually show considerable differences 
in their rotatory power and by the rapidity and accuracy 
with which the necess^y measurements can be made. 
The muta-rotation of tlilfcarbohydrates has been referred 

' Comptes rend., 1890, cx. 7I4; iB95» *57, 45*, ^32, *274 and 

intervening papers. 
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to HI respect to their structure ^ and their magnetic rotatory 
power. The view that the muta-rotation of these com- 
pounds is due to a reversible isomeric change was first put 
forward by Lowry,* ’who based his conclusion on the 
muta-rotation of brom-nitrocamphor, which he satisfac- 
torily proved to be due to the formation of an isodynamic 
mixture. It will be remembered that there are two forms 
of ir-brom-nitrocamphor known p. 371), which melt at 
142® and •108'' respectively; they differ also in their solu- 
bilities and in their crystalline form. The compound of 
higher melting point has an initial rotatory power in a 
3.33 per cent, benzene solution of + 188% which changes 
to - 38“ in a little more than two days ; the isomer melting 
at 108“ has an initial rotatory power in like solution of 
-50'', which after a similar interval becomes constant at 
the same value, - 38**. These figures represent what is 
known as the specific rotatory power of optically active, 
substances. It is usually represented by the symbol [a], 
or by [ajo when sodium light is used in the measurement; 
this value Is obtained by dividing the actual rotation 
observed in the polarimeter by the length of the layer of 
liquid through which the light passes and by the density 
of the liquid at the temperature of the observation; the 
length is generally expressed in decimetres. From a 
comparison with the rotatory powers of other members 
of this group of compounds it is concluded that the 
dextro-rotatory isomer is the pseudo- or hydroxylic form, 
the laevo-rotalory form, the normal nitro-compound : — 


/CH.NOj 
C.Hia.Br/ [ 

^CO ; 

Normal r-Brom-nitrocadSiphe^^ 
M.P. 108" Wo-50" 


X^N&.OH 

^CO 

Pseudo* ir-brom-nitrocamphor. 
M.P. 142" [ttj, + iSS\ 


Knowing the rotatory power of each isomer, the com- 
position of the equilibrium mixture obtained in benzene 
solution can be calculated from the observed rotation; 
this corresponds to seventeen parts of the normal and one 
part of the pseudo-form. The simpler camphor derivative, 
nitro-camphor, is only known in one form; it is a Isevo- 

^ C/, Chap. xiit. p. 346. /. C/iem. Soc, 1899, Ixxv* 2|i. * 
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rotatory, crystalline solid, and is regarded as the normal 
compound. It shows muta-rotation in solution, similarly 
to its bromine derivative, but the proportion of the two 
isomers in the equilibrium mixture varies with the nature 
of th^ solvent, as does the time taken before the equili- 
brium is established. These changes are consistent with 
the occurrence of an isomeric change in solution. 

The muta-rotation of the sugars is very satisfactorily 
explained from this standpoint of isodynamie change. 
The isolation of the oxide-forms of glucose in the solid 
state has been effected,^ and these, when dissolved, form 
the same equilibrium mixture as that obtained from 
ordinary glucose.^ Judged by the rotatory power, the 
equilibrium mixture contains 36.7 parts of the aldehydic 
form and 63.3 of the oxide isomers,® a larger proportion 
of the former than is Indicated by the magnetic rotation ; 
the rate of change is approximately the same with each 
modification. 

The optical rotatory power has more recently been made 
use of in a different manner for the study of isodynamic 
changes. It has been known for some time that the 
rotatory power of a compound may be influenced to a con- 
siderable extent by the presence of certain optically inactive 
substances, and, on this basis, Patterson and Macmillan^ 
have worked out a method for following the changes 
of dynamic isomers, such as phenylnitromethane and 
thiourea, by dissolving them in an optically active solvent, 
such as ethyl tartrate, and determining the gradual 
alteration in activity. 

The Selective Absorption of Light. — Investigation's on 
the colour of organic compounds have shown that this 
property is to a large extent constitutive, additive relations 
being observable only amongst closely related compounds ; 
some reference is made to this in connection with the coal 
tar dyes.^ Differences in colour have also been observed 
as a characteristic of the normal and hydroxylic or pseudo- 


^ Tanret, Comptes rend,, 1S95, cxx. 1060; E. Armstrong, A Chem, 
Soc,, 1903, Ixxxiii. 130J ; and Behrend and Roth, Annalcn^, 1904, cccxxxi. 


Cf. Chap. xiii. 
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terms of many isodynamic nitro-compounds, and have 
been useful in following the progress of isomeric change. 

Apart from the selective absorption of light rendered 
evident by colour, many compounds possess selective 
absorptive power for ultra-violet light. This property, 
which was discovered by Stokes (1852), has been studied 
in detail by Hartley and Dobbie* amongst cyclic com-' 
pounds. 

Many ^of these are characterised, not only by a 
powerful absorption of the most refrangible rays, but also 
by showing absorption bands when dissolved in water, 
alcohol or ether, even in very dilute solution. Stereo- 
isomers, which differ only in their optical rotation and 
crystalline form, show no differences in selective absorption, 
but isomers in >yhich there is a difference in the linking of 
the constituent atoms and geometrical isomers such as 
fumaric and maleic acids, are characterised by different 
absorption spectra.^ The property is essentially constitu- 
tive in character, and is, therefore, applicable to the differ- 
entiation of isodynamic compounds in solution. It has 
been studied amongst several groups of dynamic isomer- 
ides, including an analogue of diacetyldiethyl succinate, 
the corresponding dibenzoyl compound. Of the thirteen 
theoretically possible dibenzoyldi ethyl succinates three 
have been prepared by Knorr,® to two of which he assigned 
a ketonic formula, to the third the enolic structure. This 
conclusion is fully confirmed by their selective absorption 
of ultra-violet light. The two ketonic forms, which are 
regarded as stereo-isomers, show the same absorption band 
in alcoholic solution; with the enolic form this band is 
absent, and is replaced by a band in a different position in 
the ultra-violet spectrum. Further, it was found possible 
to follow the gradual ^transition from the enolic to the 
ketonic form, in alcoholic solution, by photographing the 
spectra at successive intervals of time; the results are 
entirely in accord with the progress of the cliangc observed 
by means of the ferric chloride reaction. 

' J. Chem. Soc,^ 1899, Ijtxv. 640; 1900, Ixxvii. Ji8, 49S, 509, 839, S46; 
1901, txxix. 848; 1902, Ixxxi. 929; 1905, Ixxxvti. 1822. Also Hartley, 
British Association Reports^ 1903, p. 583. 

Magini, /. Chcni, Soc, Absttacts^ 1904, Ixxxvi, 107. 

^ Annaltu^ 1896, ccxciii. 70. 
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The relation of the structure of isatiti (p. 361) to that ot 
its alkyl derivatives has been similarly determined by an 
appeal to the absorption spectra of these compounds. 
Methyl isatin and methyl pseudo-isatin show distinctly 
different absorptions; the absorption spectrum of isatin 
resembles that of the latter. Hence, it is concluded that 
the one known form of this substance consists essentially 
of the pseudo-isomer.^ 

^ More recently Baly and Desch’^ have recorded a series 
of very interesting observations on the ultra-violet absorp- 
tion spectra of ethylacetoacetate, acetylacetone, and other 
analogous, isodynamic compounds. Their experiments 
show that neither the pure ketonic nor the pure enolic 
forms of substances of this type give any absorption band, 
but that their sodium, aluminium, and other metallic salts 
show characteristic band spectra in dilute solution. Since 
these absorption bands appear only with the salts and not 
with the parent compounds, nor even when the ketonic 
and enolic forms of the latter are mixed together, it is 
■ concluded that they arc produced by an intramolecular 
movement connected with the change from one modifica- 
tion into the other. It is not considered probable that 
this movement consists of the vibration of the metallic 
atom in the* molecule, becau.se the absorption is nearly 
independent of the ma.ss of the metal present; it is 
regarded as due to the change in linking of the carbon 
and oxygen atoms as the bonds pass backwards and 
forwards between the ketonic and enolic forms. Apart 
from this hypothesis of the origin of the absorption bands, 
which requires further support, this phenomenon, when 
more fully investigated, is likely to throw considerable 
light on the mutual changes of dynamic isomerides. 

The Electrical Condtictivify of Organic Compounds , — 
With the exception of acids, bases, and salts, most 
organic compounds are not electrolytes either in solution 
or when melted the former, like the similar inorganic sub- 
stances, are more or less dis.sociated in solution, and thus 
give rise to free ions, which, according to the Arrhenius 

‘ Cf, Hartley, British Association Reports^ 1903, p. 583. 

“* /. Chem. Soc., 1904, Ixxxv. 1029; 1905, Ixxxvii. 766; 1906, Ixxxix. 

489- 

^ Cy, Chap. xi. 269. 
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theory of electrolytic dissociation, are essential for the 
carrying^ of the electric current.^ Electrical conduc- 
tivity is, therefore, a constitutive property, and it is one 
that has been successfully applied to the study of the 
structure of compounds.* Thus, the conductivity of Uiazo- 
benzene chloride (phenyl diazonium chloride) and analo- 
gous salts is quantitatively similar to that of the salts of 
the inorganic bases, sodium and potassium hydroxide, an 
analogy 04 which the diazonium formula of these com- 
pounds is based similarly, the salts of the amino-deriva- 
tives of triphenylmethane are regarded as derived from a 
true ammonium base,^ since determinations of their 
electrical conductivity show that they are not hydrolysed 
ill solution, a characteristic of the salts of all strong bases. 

The difference in structure of most dynamic isomerides 
is due to the presence of an acidic radical in the one form 
which is absent in its isomer, and in such cases the validity 
of this relation can be tested experimentally by a determina- 
tion of the electrical conductivity, since the acidic com- 
pound and its salts should behave as electrolytes in 
solution, whilst the non-acidic form should be a non- 
conductor of electricity. Thus, in the case of the two 
phenylnitromethanes : — 

QH5.CH2,NOa. C,H5.CH - NO.OH. 

Normal compound. Pseudo-compound. 

the latter, from which the sodium salt is regarded as 
derived, is acidic in structure, and should accordingly act 
as an electrolyte. Hantzsch^ has studied this relation 
with phenylnitromethaue and a number of analogous 
nitro-compounds, and has shown that their salts behave 
as neutral salts in solutipn, being therefore derived from 
moderately strong acids,"' and that when these* salts are 
acted upon by a mineral acid to form the free nitro- 
compound this is initially separated in the acidic or 
pseudo-form, but passes with greater or less speed into 

* Cf, Chap. xi. p. 270. 

- Cf. KUcirochemistfy^ K. A. Lelifeldt, 1904, Chap. ii. : “Tin* Rcla- 
lion of Chemical Constitution to Conductivity,” by T. S. Moore. 

’ Cf. Chap. X. p. 212. 

^ Cf Chap. XV. p. 420. 

Berichte, 1899, xxxii. 575; 1902, xxxv. 210 and 226. 



394 MODERN ORGANIC CHEMISTRY. 

the more stable, normal isomer. In some cases the elec- 
trical conductivity due to the pseudo-isomer ceases at 
once on the addition of the acid, indicating that the 
isodynamic change is practically instantaneous ; in others 
the ^change proceeds more slowly, and can be followed 
quantitatively from the accompanying changes in electrical 
conductivity. In all cases the conductivity of the inorganic 
salt simultaneously formed must, of course, be taken into 
account. As in the changes of magnetic rotatory power 
and optical activity, the observable changes in this con- 
stitutive property also support the view that they are 
caused by a reversible isomeric change. The general 
name of ** Pseudo-acids” has been given to the com- 
pounds which have not in themselves an acidic structure 
but are yet able, by intramolecular transformation, to give 
rise to metallic salts. Similarly, a number of ** Pseudo- 
bases” are known. 

The Solubility. —The solubility of organic compounds is 
essentially a constitutive property. The hydrocarbons 
are, as a rule, very sparingly soluble in hydroxylic solvents 
such as water or alcohol, but solid hydrocarbons dissolve 
readily in liquid hydrocarbons. The alcohols, and in 
general, compounds containing the hydroxyl group, are 
soluble in hydroxylic solvents but not in hydrocarbons. 
Solubility is, accordingly, dependent upon the nature of the 
solvent as well as upon that of the dissolved substance, 
and similarity in chemical character between the two is 
always associated with increased solubility. Certain 
additive relations also occur amongst compounds con- 
taining specific groups. For instance, an increase- in the 
number of hydroxyl groups is generally accompanied by 
increased solubility in water; the ready solubility of the 
sugars is an example of the influence of a number of 
hydroxyl groups on this property. 

The constitutive character of solubility is evident 
amongst many other groups of compound.s, but it does 
not in any way afford a method for the differentiation of 
dynamic isomerides. It has, however, been shown by 
Lowry ^ that the gradual change in solubility that accom- 

^ Lowry and Robertson, y. Chem. Soc.^ 1904, Ixxxv. 1541; T. M. 
Lowry, y. Ckem. Soc.^ 1904, Ixxxv. 1551; W. Robertson, /. Chem. Soc.^ 
1965, Ixxxvii. 1298. 
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panies isomeric change provides a valuable means of 
determining the proportion of dynamic isomerides in 
solution. A special importance is attached to this method 
of ascertaining the proportions of the isomers, because 
it can be applied even when only one of them can be 
isolated in the free state. 

Kach isomer has, like all other compounds, a definite 
solubility dependent upon the temperature and upon the . 
solvent employed, and after it has been in contact with a 
solvent for a sufficient time a saturated solution is formed 
corresponding to its true solubility. If, however, the 
dissolved substance \indergoes isomeric change, a further 
quantity of the original substance must be dissolved in 
order to keep the solution saturated, and this quantity 
will increase proportionately to the extent of the isomeric 
change. Since the change is reversible, this increase 
will cease when a condition of equilibrium has been 
attained, and a saturated solution will again be formed, 
corresponding to this final solubility. Without enter- 
ing into the details of the phy.sical relations that exist in 
this final solution, it will suffice to state that it represents 
a condition of equilibrium between the dissolved isomers. 
The ratio of the initial solubility to the final solubility is 
equal to the ratio of the weight of the original substance 
to the total weight of material in solution, and thus forms 
a basis for the calculation of the degree of isomeric change. 
If, for example, the solubility increases from i to 4 , it is 
to be interpreted that the original substance forms approxi- 
mately one-fourth of the equilibrium mixture in solution. 

The experimental conditions required in these measure- 
ments, in order to obtain accurate results, are somewhat 
difficult, but the method is one of wide applicability, and 
has been successfully ajpplied to the study of dynamic 
isomerism amongst a number of substances, including 
glucose, galactose, nitro-camphor and w-brom-nitro- 
camphor. The results are in general accord with the 
conclusions drawn from the study of other physical 
properties of these compounds. In the case of glucose, 
for instance, the equilibrium mixture in methyl alcohol 
solution corresponds to a mixture of about equal pro- 
portions of the u- and /3-oxide forms with, at most, only a 
very small quantity of the aldehydic isomer. In a solution 
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containing molecular proportions of ethyl alcohol and 
water the oxide forms constitute only about 8o per cent, 
of the total sugar in solution ; the remaining 20 per cent, 
is probably present as a hydrate of the aldehyde form. 
Measurements by this method are of no value when the 
solubility is, very great, and the observations with glucose 
cannot, accordingly, be extended to aqueous solutions 
owing to its excessive solubility in water. 

The value of constitutive physical properties for the 
determination of the structure of compounds is sufficiently 
evident from the above examples. The relation is in 
every way both more reliable and more independent than 
the evidence afforded by chemical reactions, and any 
changes that these physical properties undergo when they 
are determined under new conditions are to be interpreted 
as pointing to a corresponding change in structure. Such 
changes, effected either by heat or by solution, are therefore 
regarded as trustworthy evidence of dynamic isomerism. 

The hearing of Dynamic Isomerism on the Structure of 
Bensene and some of its Derivatives, — In discussing the 
relative merits of the Kekuld and centric formulas for 
benzene, it was pointed out that a valid objection to the 
former arises from the theoretical possibility of four, 
instead of three, isomeric di-substitution products.’ There 
is conclusive proof that only three such substitution 
products can be prepared, and KekulcS sought to bring 
his formula into accord with this fact by the introduction 
of dynamic considerations in what is known as the 
‘•Kekul^ ojcillation formula” for benzene. He regarded 
the positions 1:2 and 1:6 as identical, owing to the 
oscillation of a double bond between adjacent carbon 
atoms, as expressed in the following formulas : — 



* Cf, Chap, V. p. 72. 


I. 


II. 
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This interpretation he based on the idea that “if two 
atoms of carbon are linked together by one combining 
unit of each, they strike against each other once in the 
unit of time, or in the same time in which monad hydrogen 
makes a complete vibration. During this time they 
encounter three other atoms. Carbon atoms, which we 
call doubly linked, come in contact twice in the unit of 
time and experience during the same time, two contacts 
with other, atoms. In benzene each carbon atom strikes 
against two others in the unit of time, once against one 
and twice against the other, but in the next unit of time 
this cycle is reversed^. In the above formulae, I. represents 
the first phase and II. the second phase in the disposal of 
the carbon affinities ; the two formulae show the position 
of the bonds uniting the carbon atoms at two different 
moments of time, which recur alternately. They were 
not, therefore, intended to represent two differently con- 
structed molecules, but rather two different phases of 
motion of one and the same molecule. 

When the oscillation formula was originally proposed 
the idea of expressing the properties of compounds by an 
appeal to isomeric dynamic change had not been developed. 
Now, Kekuld’s view of the oscillation of a double bond is, 
to some extent, similar to that which is characteristic of 
isodynamic changes, but with this important difference, 
that the change in position of the double bond in benzene 
is not associated with the movement of a hydrogen atom. 
As in Laar’s theory of tautomerism, the mutual change is 
intramolecular, in contradistinction to the intermolecular 
change of dynamic isomerides. Beyond the fact that this 
interpretation of the Kekuld formula suffices to bring it 
into accord with the ispmeric relations of benzenoid com- 
pounds, no further proof, of its general validity is added. 
It still fails to express the special stability of benzene, 
and the fact that the double bonds do not behave as 
normal ethylene linkings in respect to the addition of 
halogen acids. 

In another direction dynamic isomerism has a direct 
bearing on the structure of certain benzenoid compounds, 
which show similar isomeric relations to the ketonic esters ; 
these relations are exemplified by the dihydroxy- and tri- 
‘ Annahn^ 1872, cixii. 86. 
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hydroxy-derivatives of benzene. No view of the structure 
of benzene necessitates the same condition of combination 
of the six CH g^roups of the nucleus for every derivative 
of the hydrocarbon. Benzenoid compounds differ in their 
stability, and this difference is very possibly due to a 
variation in the structure of the nucleus. Benzene itself 
probably represents the maximum stability of the ring, 
and this fact is best expressed by the centric formula for 
the hydrocarbon. The polyhydroxy-benzenes, o^ the other 
hand, appear to represent the minimum stability of the 
nucleus. They behave as isodynamic compounds, and if 
their isomeric relations are analogous to those of other 
hydroxylic substances, they should contain three double 
bonds in the enolic form. Thus, phloroglucinol, the 1:3:5 
trihydroxy-benzene, exhibits a twofold chemical character ; 
it behaves both as a phenol and as a ketone, a difference 
which is represented in the following formulae : — 



Hydroxylic formula. Ketonic formula. 

(Trihydroxy-benzene. ) (Triketo-hexamethylene. ) 


Phloroglucinol is known only as a well-defined, crystalline 
compound; its dynamic isomer has not been obtained. 
Evidence of the structure of the one known form is derived 
from its selective absorption of ultra-violet light, which, 
from a comparison with that of its methyl ether and with 
that of other phenols, indicates that it is essentially 
hydroxylic in neutral solution;^ also, its mode of com- 
bination with phenyl isocyanate, a reagent which has little 
or no catalytic action, and which is, accordingly, more 
reliable than other chemical reagents for the differentiation 
of dynamic isomers, is in accord with its structure as a 

^ Hartley, Dobbie and Lauder, /. Chtm. Soc.^ 1902, Ixxxi. 929 ; £. P. 
Hedley, 1906, Ixxxix. 730. 
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trihydroxy-benzene. ^ The condition of isomerism in phloro- 
glucinol is, therefore, comparable to that of ethylaceto* 
acetate, and if the movement of the hydrogen atoms in the 
isomeric changes of the two forms proceeds on similar 
lines, as indicated by the arrows in the above formulse, 
the trihydroxy-compound must have three double bonds 
and thus accord with the Kekul6, rather than with the 
centric formula. 

The method of Baly and Desch^ has recently been 
extended to the study of the isodynamic relations of 
benzene and its substitution products.^ The results, so 
far obtained, show th'at the ultra-violet absorption spectra 
of benzenoid compounds, in dilute solution, is likely to 
prove very helpful in determining the structure of the 
nucleus in benzene and its derivatives, and in following 
isodynamic changes amongst aromatic compounds. 

* Goldschmidt, l^erichlt\ 1890, xxiii. 257. 

2 Cf. ante.^ p. 392. 

3 C/. /. Chem. Sot.f J905, Ixxxvii. 1332, 1347, 1355; Kxxix. 4S9, 
502, 514, 966, 982; 1907, xci. 426, 1122, 1572. 
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HETEROCYCLIC AND POLYCYCLIC COMPOUNDS. 

Distinction between Isocyclic and Heterocyclic Compounds — The 
nature of Polycyclic Compounds. 

Heterocyclic Compounds . — Furfiirane and Furfuraldehyde — Pyrrole 
— Thiophene — Methods employed for the preparation of 
heterocyclic compounds; Condensation reactions— Anti- 
pyrine — Pyridine and Piperidine— The Alkaloids— Conine. 
Polycyclic Compounds with indirectly united rings. — Tri phenyl- 
methane and the triphenylmethane colours — The quinonoid 
structure of the triphenylmethane dyes— Rosaniline— Aurin 
— Phenol phthalein— T riphenylmethyl. 

Condensed Isocyclic Ring Compounds . — Naphthalene and Anthra- 
cene— The structure of a-naphthol and of naphthalene— 
Alizarin; its occurrence as a glucoside— The synthesis of 
alizarin and the proof of its structure. 

Condensed Ring Compounds^ containing an isocyclic and a hetero- 
cyclic ring . — Quinoline and Isoquinoline; their relation to 
the Cinchona and other alkaloids— Indole and Indigo — The 
natural occurrence of indigo— The synthetical preparation 
of indigo. 

The aromatic or benzenoid compounds were for a long 
time the only closed-chain or cyclic compounds known; 
they belong to the group of ‘‘ isocyclic compounds,” which 
are characterised by containing closed chains of only 
carbon atoms. ^ This group is still the most thoroughly 
studied division of cyclic substances, and much of what is 
now known of other groups of cyclic compounds is based 
upon the application of the knowledge derived from the 
investigation of benzenoid compounds. 

Within the last twenty-five years, and especially within 
the latter half of this period, the preparation and study of 
other cyclic compounds has been greatly developed. These 
additions fall into two divisions — the Heterocyclic and the 

^ Cf. Chftp. iii. p. 38. 
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Polycyclic compounds. The former contain closed chains, 
which, in contradistinction to those contained in isocyclic 
compounds, have other atoms in addition to carbon, and 
they form the third group in the classification of organic 
compounds;^ the latter contain two or more closed chains, 
and according as these are isocyclic or heterocyclic are 
included in the second or third group in the general 
classification. 

Both divisions comprise substances of theoretical and 
practical importance, such as thiophene, pyrrole, antipyrlne, 
pyridine, naphthalene, anthracene and alizarin, indole and 
indigo, quinoline and the natural alkaloids, and the purine 
group. The reactions concerned in the preparation of the 
heterocyclic and polycyclic compounds and in the study 
of their structure and relations are, for the most part, con- 
siderably more complex in character than any that have 
been hitherto considered; also, the two groups include 
a mass of compounds which it is quite impossible to deal 
with in any detail in a book of this character. In keeping 
with the method adopted with other groups of compounds, 
this chapter will be restricted to some of the salient points 
concerned with the study of the two divisions, as typified 
by some of their most important members. 

Heterocyclic Compounds,^ — Nitrogen, oxygen, and sul- 
phur are the chief elements which, in combination with 
carbon, form the closed chains of the heterocyclic com- 
pounds. The rings containing five and six atoms are the 
most stable; some are known containing three, four, and 
seven atoms, and a few which contain eight or more 
atoms. Many of these closed-chain compounds are un* 
saturated, like benzene, and are to be regarded as containing 
similar potential valencies, which give special stability to 
their molecules;’ these, Lke the benzenoid compounds, 
add hydrogen by reduction to form alicyclic derivatives.^ 
Some heterocyclic, closed-chain compounds are known 
amongst aliphatic substances, but, as previously pointed 
out,^ the chains they contain arise from the presence of 


1 Chap. iii. p. 39. 

. * A full account of the heterocyclic compounds is given in Ileterocykliscke 
Wedekind, 1901. 

• Cf, Chap. V. p. 75. 
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certain substituting groups, and in their chemical character 
they are distinctly aliphatic. The true heterocyclic com- 
pounds, like benzene and its homologues, contain a stable 
nucteus which yields a series of derivatives; these can be 
obtained from or converted into the simpler closed-chain 
molecule, the ring of which is stable and only broken under 
special conditions. Very few compounds of importance 
are derived from three- or four-membered heterocyclic 
rings; the following are examples of five-membered hetero- 
cyclic ring compounds : — 


CH-CHs. 

1 >o 

CH=CH/ 

CH = CH. 

CH = CHv 

1 >NH 

1 >s 

CH=CH/ 

CH=CH/ 

Kuifurane. 

Pyrrole. 

Thiophene. 

CH- -Nv 

1 >o 

CH-CIK 

CH-—N. 

1 >NII 

CH=CH/ 

N— CH. 

1 >NH. 

CH-CH^ 

K uro-a< nionazolc. 

Pyrro-tt-tiionazolc 

Pyrro-/3*monazole. 


(Pyrazole). 


A consideration of the difference in structure between 
pyrro-a-monazole and pyrro-/i-monazole shows how differ- 
ent rings may arise amongst heterocyclic compounds by a 
difference in the relative position of the atoms that form 
the closed chain; in pyrro-a-monazole the two nitrogen 
atoms are united directly, in the )9-compound they are 
separated by a carbon atom. This position isomerism is 
characteristic of all heterocyclic rings, and is the origin of 
their many varieties; no less than thirty heteratomic rings 
of this group are now known. The term “ azole” is used 
generically for heteratomic cyclic compounds containing 
nitrogen. 

Furfurane, pyrrole, and thiophene are closely related 
compounds, the first two of which were known long before 
the modern methods for the preparation of heterocyclic 
compounds were developed. 

Furfurane^ which occurs in the distillation products of 
pine-wood, forms a characteristic aldehyde, known as 
furfuraldehyde^ or furfurol^ which is obtained from all 
pentoses, the five^carbon atom sugars, by the action of 
hydrochloric acid. This reaction, which may be repre- 
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sen ted by the following equation, is important for both the 
qualitative and quantitative recognition of pentoses, since 
the furfurol can be easily identified or determined; — 


HO 

Hi 

..... 

1 /CHO 

CH- 

^OH' 


• oh! 



CH- 

1 

— CH 

1 '' 

OH 

1 

Hi 


Pentose. 


CHO 

I 

CH- --C 

I 0 + 3H..0 

Furfuraldehydc (Furfurol). 


Pyrrole is found in bone-oil, a product obtained by the 
destructive distillation of bones; owing to the presence of 
the imido-group, NH, it acts as a weak base. Its tetra- 
iodo substitution product has been proposed as a substitute 
for iodoform,^ under the name of “ iodol.” 

The third of these heteratomic compounds, Thiophene^ 
was discovered by Victor Meyer in 1882, in ordinary 
coal tar benzene.^ A reaction known as the indophenin 
reaction had long been employed as a test for benzene ; it 
consists in treating the benzene with isatin (an oxidation 
product of indigo^) and sulphuric acid, when a deep blue 
coloration is produced. In making this test as a lecture 
experiment, Meyer failed to obtain the coloration, and 
ultimately succeeded in tracing his failure to the fact that 
the benzene he used had not been obtained from coal tar, 
but from benzoic acid derived from gum benzoin or other 
natural product. The reaction was at once attributed to 
ihe presence of a foreigi ingredient in coal tar benzene, 
which was subsequently isolated by Meyer, and to which 
he gave the name ** Thiophene,” owing to its containing 
sulphur and to its close analogy to benzene. It is a mobile 
liquid, boiling at 84** (benzene boils at 80**. 2), and occurs to 
the extent of about 0.5% in coal tar benzene; it has since 
been obtained synthetically by several methods, and can 
now be easily prepared in the laboratory. In its chemical 

^ Cy. Chap. xvi. p. 476. • Cf. this chapter, p. 432. 

> C/. Chap. vii. p. 112. 
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character it resembles benzene most closely, yielding sub- 
stitution products and homologucs on similar lines, so 
that within a few years of its isolation Meyer was able to 
publish an extensive monograph on the thiophene com- 
pounds.’ It has been found, since the discovery of 
thiophene, that the presence of this compound has a 
prejudicial effect upon the coal tar colours made from 
benzene, and benzene free from thiophene is now prepared 
for the use of colour manufacturers. « ' 

Methods employed for the preparation of Heterocyclic Com- 
pounds . — Amongst the variety of methods employed for 
the synthesis of heterocyclic compounds, those by which 
they are obtained from open-chain or aliphatic substances 
are of special interest and importance. A reaction which 
leads on analogous lines to the preparation of homologues 
of furfurane, pyrrole, and thiophene will illustrate this 
type of reaction. The starting-point is a double or di- 
ketone known as acetonyl acetone ; it may be regarded 
as made up of two acetone radicals and has the formula 
CHa.CO.CHj^.CHg.CO.CH^. When heated in presence of 
a dehydrating agent, this compound forms dimethyl 
furfurane, with ammonia it yields dimethylpyrrole, and 
with sulphuretted hydrogen (actually by heating with 
phosphorus pentasulphide) dimethylthiophene is obtained. 
It is probable that in these changes the diketone functions 
in its isomeric enolic form^ as represented in the following 
equations : — 

CHj. CO.CHo.CHj.CO.CHj. Aceton]f 4 ^ acetone. 

CH,.C(OH) : CH.CH : C(OH).CH,. Enolic formula. 


CH. 


CH, 


CH « C - O H 

I 

CH = c - oh; 
I 

CHj 


CH = Cv 

I >0 + H,0 

CH - C^ 

I 

CH3 

Dimethyl furfurane. 


^ Die Thiophengruppe^ Victor Meyer, 1888. 
^ Cf. Chap. xiv. p. 368. 
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CH3 

1 


CH3 

cn = c - OH 

HV 

1 

CH - C. 

1 + 

ii V 

1 >NH. + 211,0 

CH - C - on 


1 

CH3 


I 

CH, 

• 


Dimethyl pyrrole. 

CH, 

1 


CH, 

CII = C - OH . 

■"\s 

h/" 

1 

CH = Cv 

1 + 

- 1 >S.+ 211,0. 

CH = C - OH 

1 

CH-C/ 

1 

1 

CH, 


1 

CH,, 

Dimethyl thiophene. 

It is to be noted 

that in 

each case a closed ring is 

formed from a chain of four carbon atoms and one other 


atom, a fact that accords well with the stereochemical 
relations of the carbon atom as expressed by von Baeyer’s 
tension theory.^ 

Such syntheses are strong evidence in favour of the 
structure assigned to furfurane, pyrrole, and thiophene; 
further, they locate the position of substituents, in this 
instance the methyl groups, and are consequently of value 
in decidiii^ the orientation of derivatives. These con- 
siderations apply generally to heterocyclic as well as to 
isocyclic compounds. 

Condensation Reactions . — It will be noticed that in each 
of the above reactions one or two molecules of water are 
separated. This separation of water is characteristic of 
very many of the reacltions employed in synthetical organjc 
chemistry, and especially of those that lead to the pre- 
paration of more complex from simpler compounds. The 
process is commonly known as Condensation^ and although 
not very accurately defined, its general characteristics are 
fairly precise. Several examples of the change have already 
been given; for instance, the preparation of ethane and 

^ Cf. Chap, xii. p. 312. 
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isobutane, ^ of ethylacetoacetate,* of trimethylene dicar- 
boxylic ester, ^ and that of benzoic acid by the Grignard 
reaction.^ These compounds are all to be regarded as 
condensalimi products; they are formed from their consti- 
tuents with elimination of water, of alcohol, Or of metallic 
salts such as sodium bromide, and a new combination 
is effected between the carbon atoms of the reacting 
molecules. 

In some cases the reacting compounds condense quite 
readily of themselves when heated together and occasion- 
ally even at the ordinary temperature, but generally the 
addition of some reagent is necessary to effect the 
condensation. A very great variety of compounds are 
available as condensing agents ; some, such as zinc 
chloride, dry hydrochloric acid gas and acetic anhydride, 
act directly, either by virtue of their great affinity for 
water or as catalysts;^ others, such as metallic sodium, 
effect the condensation by the elimination of halogen 
atoms as metallic salts, whilst others again, such as 
sodium hydroxide and sodium ethylate, act indirectly by 
the formation of intermediate products, which are usually 
unstable and are subsequently decomposed with the 
elimination of water or of alcohol and the formation of 
the condeffsation products.® Further, with the same 
reacting substances, one reagent may effect one class of 
condensation, whilst a second favours another, and this 
difference applies not only to the possibility of effecting 
the condensation, but also to the yield of the resulting 
product, a factor of practical importance. 

Condensation reactions are the most important means 
for obtaining heterocyclic compounds ; the preparation ot 
the febrifuge, antipyrine,^ is a good example of the 
method. 

Antypyrine is derived from the five-membered heter- 
atomic ring, pyrro-a- monazole pyrazole, referred 

to above. A reduction product of this base is known 
called pyrazoline ; it contains two added hydrogen atoms, 
. forming two CHg groups, and its ketonic derivative, 


1 


Cf, Chap. iv. p. 43. 


" Cf, Chap. i}C. p. i68. 
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pyrazolon, In which one of these CHg jjroups is replaced 
by 'CO, is the mother substance of antipyrine ; these 
relations are shown in the following formiike : - 

CII- Nv C1I-— Nv CH -N. 

I >NH 1 >NH 1 >NH. 

CH=*CH/ CHg -CHg/ • CHg-CO/ 

Pyrro-a-monazole Dihydro-pyrazolc Dihydro-keto-pyrazole 

(Pyrnzole). (Pyrazoline). (Pyrazolon). 

• 

The structure and orientation of these three compounds 
have been satisfactorily established by synthetical re- 
actions. 

For the preparation of antipyrine, ethylacetoacetatc and 
phenyl hydrazine are heated together and the condensation 
productformed is converted into antipyrine by the action 
of methyl iodide, whereby a methyl group is introduced 
into the molecule. The initial change in these reactions 
is the formation of a hydrazone between the ketonic group 
of the ester and phenyl hydrazine,' which is, however, 
very unstable and immediately condenses, with the separa- 
tion of a molecule of alcohol, tp form a pyrazole derivative. 
These changes are expressed by the following equations; — 

i. Cn.j.CO.CH2.COOCglT5 + CclVNlLNUg 
Ethylacctoacctalc. Phenyl hydrazine. 

r= Cll3.C-Ct4COOC5Hft. + ii.p 



hi. Clh 
C==.-N. 


CII, CH3 

C -Nv 


I '>N.Canfi + CH3I II >N.c„ii,. t HI. 

CIIj-CO^ CII- C(X 

Phenyl dimethyl iso-pyrnzolon (Antipyrine), 

' Cf< Chap. xi. p. 261, 



MODERN ORGANIC CHEMISTRY. 


408 

The first and second stages of the preparation are quite 
straightforward, and the latter shows in an interesting 
manner the value of a condensation reaction in indicating 
the orientation of the substituting groups (methyl and 
phenyl) in the resulting molecule. The introduction of 
the second methyl group as represented by the third 
equation involves, it will be seen, an abnormal change 
and a rearrangement of the linkings in the pyrazolon 
group. Such molecular changes occur with many 
pyrazolon derivatives, and caused much confusion in the 
first attempts to decide their orientation ; they are due to 
the dynamic isomerism of pyrazolon itself, and it is satis- 
factorily established now that, whilst the direct conden- 
sation product of ethylacetoacetate and phenyl hydrazine 
is a derivative of normal pyrazolon, antipyrine is* derived 
from a pseudo-form, isopyrazolon : — 


CH- N . 

I >NH 

CHj - CO/ 

l^yra7x>lon. 


CH - NH 

II 

CH - CO 

Iso-pyraKolon. 



Pyridine and Piperidine. The Alkaloids. Canine . — 
The six-membered heterocyclic ring compounds show 
similar variety to the five-membered rings. Those con- 
taining one or two atoms of nitrogen are the most 
important ; the latter are known in three isomeric forms 
corresponding in orientation to the di-substitution products 
of benzene : — 

\»> 

Pyridine. 

The disposal of the fourth bond of the carbon atoms 
and of the third bond of the nitrogen atoms is not repre- 
sented in the above formulae ; these and all similar hetero- 
cyclic compounds have undoubtedly potential valencies 


nh 


I I 

Para-diazine (Pyrazine). 
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akin to those of benzene, but their distribution is at 
present undecided. 

Pyndine appears as a benzene ring in which the 
tervalent group, CH, is replaced by an atom of nitrogen, 
and this change is the key to its characteristic properties. 
It is a fairly strong base, forming stable salts, and can 
give rise to substitution products just like benzene ; but it 
is much more stable, nitric acid, for instance, being unable 
to attack* if. Further, like benzene, it yields hydrides on 
reduction, compounds of much interest on account of their 
relation to some of the alkaloids, from which pyridine can 
be obtained by distillation with solid potassium hydroxide. 

Pi^rine^ the alkaloid of pepper, is a salt of the hexa- 
hydride of pyridine, called piperidme^ with a somewhat 
complex acid, piperic acid. Piperidine can be obtained 
from and converted into pyridine, and its structure is 
further shown by a direct synthesis from an aliphatic com- 
pound, pentamethylene diamine, the diamino-derivative 
of pentane, the hydrochloride of which is converted into 
piperidine by heating, as represented by the equation : — 

/IT 

cnj -ci4N< . /Cii, CH,. 

/ . / \ 

CHj < CH2 NH + NH^CI. 

Pentamethylene diamine. Pijicridine. 

‘Piperic acid has also been prepared synthetically, and by 
its combination with piperidine the complete synthesis of 
piperine has been effected. 

Coniney the poisonous principle of the hemlock {Conium 
maculatum) is also a pyridine derivative. It was syntheti- 
cally, prepared by Ladenburg (1886), and a special interest 
is attached to this synthesis on account of its being the 
first of an optically active alkaloid. The vegetable 
alkaloids are naturally occurring, complex compounds, 
characterised by containing nitrogen and by their basic 
nature. They are seldom found in the free state in plants, 
being usually in combination with organic acids in the 
form of salts ; they generally have a bitter taste, and many 
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of them are very poisonous. The majority of the alkaloids 
are crystalline solids and are optically active, usually 
laevo-rotatory ; conlne a liquid and is dextro-rotatory. 
It has the empirical formula CgHj-^N. Upon oxidation it 
loses six atoms of hydrogen to form a base conyrine, 
CgHj^N, and this forms a mono-carboxylic acid of pyridine 
(picolinic acid) on oxidation, the carboxyl group of which 
has been proved to be adjacent to the nitrogen atom of 
the ring (called the a-position). Hence, by analogy to 
the oxidation of the homologues of benzene, the con- 
clusion is justified that conyrine is a pyridine homologuc 
containing one side chain. Pyridine has the formula 
CjHgN, conyrine CgH^jN, so that allowing for the re- 
placement of a hydrogen atom in pyridine by the sub- 
stituting radical, the difference, C^H^, must represent the 
composition of the latter. This must be either propyl 
or iso-propyl, and its position in the ring is indicated by 
the orientation of the acid it forms on oxidation. These 
relations are shown in the following formulae : — 


CH CH CH 



N N N 


Pyridine. Picolinic acid. Conyrine. 

Conine contains six hydrogen atoms more than cony- 
rine, and, as stated, it forms the latter on oxidation; 
conyrine is also readily reduced to conine, so the two 
compounds were regarded as standing exactly in the 
relation of pyridine to piperidine, a conclusion which 
has been confirmed by its synthesis and by other re- 
actions. It remained to decide whether the propyl or 
the isopropyl group was contained in the conyrine and 
conine molecules. By the oxidation of a conine deriva- 
tive (benzoyl conine) it has been satisfactorily proved 
that the radical is the normal propyl group. The 
following is, therefore, accepted as the structural formula 
for conine 
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CHa 

J[2(:l^^'cELCiIa.CT4Cfl3 ‘ 

Nil 

Conine. (a-Normal propyl hexahydropyridine. ) 

The synthesis of such a compound from hexahydro- 
pyridine (piperidine) by the introduction of a propyl group 
looks a comparatively simple matter, but owing* to a 
tendency that is often shown by the propyl radical to 
change to the isopik)pyl group it could not be effected 
directly, isopropyl, instead of normal propyl piperidine 
being obtained by the action of both normal and of 
isopropyl compounds upon piperidine; the latter is the 
more stable of the two groups in association with a 
reduced pyridine ring, thus affording an interesting 
instance of the dependence of the relative stability of 
isomeric radicals on the nature of the molecule with 
which they are in combination. Ladenburg had, therefore, 
to seek an indirect method to introduce the normal propyl 
group, and this he effected by reducing allyl pyridine, 
obtained by the action of acetaldehyde on methyl pyridine 
(picoline). Picoline can be prepared from pyridine, and 
its methyl group has been proved to be in the a-position ; 
acetaldehyde can be obtained from acetylene and by other 
direct methods of complete synthesis from the constituent 
elements, whilst pyridine is formed by passing acetylene 
and hydrocyanic gas through a red-hot tube, and its 
synthesis vtd piperidine can also be traced back to the 
direct combination of the elements. Hence, the synthesis 
of a-propyl piperidine is complete. The reactions employed 
by Ladenburg may be represented as follows: — 



HC\ 

N 


^ C 

o^\i 


CII 



CIl 

C.CII : CH.CH3 


N 


Picoline. Acetaldehyde, a- Allyl pyridine, 
(a- Methyl pyridine.) 


+ Ha 
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Upon reduction, the allyl pyridine is first reduced to 
propyl pyridine and then to propyl piperidine ; — 



ft- Allyl pyridine. a- Propyl pyridine. • 



CH.CH,.CH.3.CH3 


NH 

a- Propyl piperidine. 


The resulting compound, as in the case of all similar, 
synthetically prepared, asymmetric substances, was an 
optically inactive, racemic mixture; by the fractional 
crystallisation of its salt with dextro-rotatory tartaric 
acid, the dextro- and laevo-tartrates of conine were 
separated from which the free bases were obtained by 
treatment with alkali.^ The dextro-rotatory compound 
was, until recently, regarded as identical with the natural 
product, but subsequent investigations by Ladenburg^ 
have shown that although it very closely resembles it in 
all its properties it differs somewhat in its optical rotatory 
power. The synthetically prepared compound is accord.- 
ingly to be regarded as an isomer, to which the name 
tso^conine has been given, but it can be converted into the 
natural product by heating it to 290** for several hours, 
so that the complete synthesis of the alkaloid remains 
established. 

This synthesis has been given in some detail as a type 
of the method of inquiry that has been adopted in 
studying the structure of the alkaloids. The majority of 
the alkaloids are far morq complex than conine, and 
although the structure of most of them is still unknown, 
very marked advances have been made during recent years 


’ Cf, Chap. xii. p. 295. ^ Berichie^ 1906, xxxix. 2486. 
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in the determination of their constitution and in their 
synthetical preparation. The method generally adopted 
for their investigation consists of a hydrolysis followed by 
a carefully regulated oxidation, processes which, in most 
cases, ultimately lead to compounds of known structure. 
It has thus been established that most of the alkaloids are 
derivatives of the heterocyclic bases, pyridine, pyrollidine, 
quinoline, isoquinoline, and purine; of those containing a 
pyridine ting, the best known are nicotine, atropine, and 
cocaine, all of which have been synthetically prepared.^ 
Polycyclic Compounds . — ^The cyclic compounds con- 
sidered up to the [present, such as benzene, pyrazole, 
pyridine, and their derivatives, are characterised by con- 
taining one, and only one, ring. The polycyclic com- 
pounds include substances the molecules of which are 
built up of two or more rings, which may be either 
directly or indirectly united to one another, or which may 
have carbon atoms common to two or more of the rings 
which they contain. The following compounds represent 
these conditions of combination: — 


Cfl 

Hc'\ ^ 



CH CH 


CII CIl 



C-CIL-Ci 


'CIl 


CH 


CH 

Clf 


(jr 


or 


CeH, -Cells. 
Diphenyl. 


CeHs-CIIg—CeHs. 

Diphenylmcthane. 



^ An account of the chemistry of the alkaloids, with particular reference 
to their constitution, is given in The Vegetable Alkaloids^ by Pictet ; trans. 
by Biddle, 1904, and in Die Pfianzeftalkaloide, by J. Briihl, 190a 
Cf. also J. B. Cohen, Orgemic Chemistry^ 1907, chap. xiv. 
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In diphenyl the t^o benzene rings are directly united ; 
in diphenylmethane they are united by a CH2 group, or 
the compound may be regarded as a derivative of methane ■ 
in which two hydrogen atoms are replaced by two phenyl 
radicals, whence the nomenclature, diphenylmethane, is 
derived. Naphthalene is represented as consisting of two 
benzene rings, having two adjacent carbon atoms in 
common ; molecules of this type are generally called 

condensed ring systems,” or ‘‘condensed c^^clic com- 
pounds.” 

The most important of these polycyclic substances are 
built up of benzene rings — t\e,f of six-membered isocyclic 
rings, or of benzene rings in combination with hetero- 
cyclic rings, such as pyrrole and pyridine. A very great 
variety of these combinations is possible. Speaking 
generally, the contained rings carry their normal charac- 
teristics in respect to their chemical properties and 
behaviour; compounds containing benzene rings yield 
substitution, oxidation, and reduction products similarly 
to benzene, which differ chiefly in their reactivity or 
in the stability of their derivatives, according to the 
number and disposition of the contained rings. The 
polycyclic compounds, such as diphenylmethane, which 
contain an open chain residue in addition to the 
rings, represent a similar condition of combination to 
that of toluene;^ the aliphatic portion of the molecule 
remains aliphatic in its chemical character, but certain 
modifications are induced by the proximity of the ben- 
zene rings. 

Without entering into the complex classification of poly- 
cyclic compounds, which is necessary for their systematic 
study, the following three important groups will be 
considered: — 

I. Polycyclic Compounds with indirectly united ringv . — 
Triphenylmethane and the triphenylmethane colours. 

II. Condensed Isocylic Ring Compounds, — Naphthalene, 
Anthracene, Alizarin. 

III. Contused Ring Compounds containing an isocylic 
and a heterocyclic ring, — Quinoline, Isoquinoline, Indole^ 
Indigo. 


^ Cf, Chap. viii. p. 127. 
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I. Polycyclic Compounds with indirectly united rings, 
Triphenylmetham and^ the Triphenylmethane Colours , — 
Diphenylmethane has been given as an example of a 
polycyclic compound in which two benzene rings are 
indirectly united; the rings are linked together by the 
methane residue, CH 2 . In triphenylmethane a third 
hydrogen atom of methane is replaced by phenyl; the 
relation of these compounds to the mono-phenyl derivative, 
phenylm^thane or toluene, is shown in the following 
formulae: — 

CH^. CHg.C.H,. CH/ 

Methane. Monophenyl- Diphenylmethane. Triphenylmethane. 
methane (Toluene.) 

Triphenylmetha7ie is the mother hydrocarbon of the 
rosaniline, eosin, and other important dyes, which al- 
though replaced to a considerable extent to-day by the 
faster azo-colours, offer some useful points of study in 
respect to the relation of structure to colour,^ in addition 
to their historical interest as the representatives of the 
earliest developments of the aniline colour industry. 

The structure of triphenylmethane is proved by its 
synthesis from benzene and chloroform which is effected 
by the action of aluminium chloride (Friedel and Crafts’ 
reaction^), according to the following equation; — 

/iCl HiCsHs /CeHs 

CH4ici + HiCeH, = CH^CjHs + 3HC1. 

^C1 HiC*Hl \CeH5 

Chloroform. Benzene. Triphenylmethane. 

The three phenyl groups of triphenylmethane retain all 
theacharacteristic properties of a benzenoid hydrocarbon ; 
the methane residue which unites them similarly retains 
its aliphatic character, but the associated electro-negative 

^ An account of the relation of the structure of compounds to colour 
is given in a monograph by H. Kaufmann, Ueber den Zusammenhang 
zwischen Farbe und Constitution bei chemischen Verbindungen,” Samm- 
lung them, und chem.-tecknischtr Vortra^^ 1904. 

® Cf, Chap. xi. p. 238. 
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phenyl groups increase the reactivity of the hydrogen atom 
of the CH group, especially in respect to the ease with 
which it can be oxidised, with the formation of hydroxylic 
compounds, known as carbinols. These carbinols are the 
direct mother substances of the triphenylmethane colours; 
the colours arise by the replacement of hydrogen atoms in 
the phenyl radicals by salt-forming groups. Three im- 
portant series of colours are thus derived : — 

I. Tfie Malachite green and Rosaniline group tvhich con- 
tain the amino-group, NH^. 

'II. The Aurtn groups which contains the hydroxyl-group, 
OH. 

III. The Phthalein group y which contains both hydroxyl 
and carboxyl groups. 

The simplest relations of these compounds are shown 
in the following formulai: — 

/Cell, 

Triphenyl- Cv C^jH^ Triphenyl- 

I methane. | ^CqHc carbinol.^ 

H OH 

/CeH,.NH, /CeH,.OH /CeH,.OH 

C<-CeH^.NH., C< C,,H^.OH CC CeH^.OH 

! \CeHe.NH; 1 NDeH^.OH 1 \CeH,.COOH 

OH OH OH. 

Tn<amino-tripbenyl- - Tri-hydroxy-lriphcnyl- Dihydroxy-carboxy- 
carbinol. carbinol. tiiphenybcarbinol. 

(Rosaniline group.) (Aurin group.) (Phthalein group.) 

None of the colours of this group has been found in 
nature; they are all made by synthetical processes, in 
which the amines, phenols, and aldehydes of benzene and 
its homologues arc the most important initial products. 

Perkin’s ** Mauve,” discovered in 1856, and the first, of 
the aniline colours that was manufactured, was obtained 
by the oxidation of aniline sulphate, and Fuchsine,” so 
called from the similarity of its colour to that of the 
fuchsia, was got by the oxidation of a mixture of aniline 

^ Carbinol is the naitie given to methyl alcohol, the simplest of all 
alcohols; thus iriphonyhca^inolvi methyl alcohol in which three hydrogen 
atoms are replaced by phenyl groups. 
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and its homologues, known commercially as ‘‘ aniline oil,” 
in 1859. The course of these oxidations and the structure 
of the resulting compounds were not determined till some 
twenty years later (1876-78), when Emil and Otto Fischer^ 
established their relation to triphenylmethanc and pre- 
pared para-rosaniline,'^ one of the constituents of fuchsine, 
directly from the hj^drocarbon. 

By the action of nitric acid upon triphenylmethane the 
trinitro-compound, CH(CgH^.N02)3, is obtained, which 
yields triaminotriphenylmethane, CH(C(^H.j.NH2)3 on re- 
duction. The methine group, CH, is readily oxidised, as 
stated above, with the formation of triaminotriphenyl- 
carbinol C.OH(C0H4^NH2)3, which is the mother-sukstance 
or “base” of para-rosaniline. Fuchsine is a mixture of 
para-rosaniline and its methyl homologue, rosaniline. The 
dyes are the salts of the triamino-carbinols, but none of 
the carbinols of this group are dyes in the free state. 
The structure of these salts has been the subject of much 
controversy, and there is still a considerable difference 
of opinion as to their constitution. A special interest is 
attached to this problem as it bears not only on the specific 
structure of the salts of triphenylmethane derivatives but 
upon the wider and more fundamental question of the 
relation of the colour and dyeing properties of benzenoid 
compounds to their chemical structure. In describing the 
relation of the azef-dyes^ to the compounds from which they 
are derived, it was pointed out that certain radicals (chromo- 
phores) and salt-forming groups (auxochromic groups) are 
always present in the substances which possess dyeing 
properties; this relation holds amongst the triphenyl- 
methane compounds, and the discussion of the nature of 
the carbinol salts is concerned with establishing a more 
definite view of the structure of chromophore groups. 

In 1889 Nietzki suggested that the triphenylmethane 
dyes are derivatives of a di-ketone of benzene known as 
quinone, and of its imido-compounds, and this view, 
which was subsequently extended by Armstrong to all 

^ Berichtey 1876, ix. 891 ; AnnaUn, 1878, cxciv. 242. 

* The prefix “para” does not refer to the orientation of the dye, but 
was originally applied to the compound because para-toluidine was used in 
its preparation. 

3 Chap. X p. 208. 
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coloured benzcnold compounds, has now be6n very 
generally accepted; it is usually termed the “quinonoid** 
structure. 

To make these relations clear the structure of quinone 
and pf quinone-imide may first be regarded, as also their 
relation to quinol, para-dihydroxybenzene, from which 
quinone is readily obtained by oxidation: — 


OH 


lie 

lie 



cir 

CH 


oil 


Quinol. 


O 

II 

C 



C 

II 

o 


(Quinone. 


O 

' II 

C 



C 

II 

Nil 


Quinone-imide. 


It is to be noted that in quinone and in quinone-imide, 
which latter was isolated for the first time a few years 
ago,^ the para-carbon atoms are linked by a double bond 
to oxygen and to the divalent, imido-group, NH, respec- 
tively. If now the oxygen of quinone-imide be replaced 
by the diphenyl-methylene group, 

QHs-C-C.II, 

. II 


a compound of the following structure will result; — 

il 

C 

^ iCH 


HC 

HC 


CIl 


C„H,-C-CeH5 

II 

C6H4 


NH 


NH 

Diphenylmcthane quinone-imide or Imido-triphenyl methane. 


^ Willstatter and Mayer, Borichte^ 1904, xxxvii. 1494. 
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which will give rise to a hydrochloride and other salts by 
the tervalent nitrogen atom becoming quinquevalent, just 
as ammonium chloride results from ammonia: — 


CjjHj- C CgHj 


C«H, 

II 

NH 

r\ 

H Cl 




Hj = Nh/ or NH4CI. 

^Cl. 

Ammonium chloride. 


Imido-triphenylmethane hydrochloride. 

This structure of imido-triphenylmcthane represents the 
chromogen of the rosaniline group of colours. Compounds 
of this type have been isolated by von Baeyer and Villiger.' 
By the introduction of the salt forming or auxochromic 
amino-groups the dyes result: — 


HoN.CfiH,— C— CoHs 

11 

C.H. 

NH2CI. 
lelhane qi ‘ 
imide hydrochlorid 


Amino-diphenylmelhane quinone- 
ride. 


HjN.C^H,— C— CgH.-NHa 

II 

QH, 

II 

NHgCl. 

Di>amino-diphenylmethane quinone- 
imide hydrochloride (Para- 
rosaniline). 


It remains to indicate the relation of these formulae to 
that of the carbinol of the rosaniline group given above. 
This, by the addition of acid to one of the amino-groups 
first forms a salt of the carbinol, which then loses a mole- 
cule of water and passes into the quinonoid form, as shown 
in the following formula: — 


C^CrtH^. NH^ or C— CcH..NH2 

^>h:.nhJ •hW.h.Inh, 

Triamino-triphenyl carbinol. 


H8N.QH4-C-CeH4.NHa 

ho/\:,H 4 .nh,.hci 

Hydrochloride of carbinol. 


IIaN.CeH4-C— CeH4.NPl2 

II + HaO 

CeH4=:Nn.HCl. 
Para-rosaniline. 


^ Beriehte, iqo2, xxxv. 1189, and subsequent papers. 
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This relation appears somewhat abnormal, especially in 
view of the fact that the rosaniline dyes are converted 
into the carbinols by the simple addition of alkali; one 
would expect an hydroxide to be formed by the action of 
this reagent, standing in the same relation to the salt that 
ammonium hydroxide does to ammonium chloride, : — 




-CeH,.NH, 


CeH^-NHaOH. 

Para-rosaniline hydroxide. 


Hg^NHgOH 


or 


Ammonium hydroxide. 


NH4OH. 


Experiments by Hantzsch and Osswald^ have shown 
that under favourable conditions this expectation is 
realised, and that the hydroxides are first formed by the 
action of alkalis on the colours, but that they readily 
change into the carbinols upon standing. In contradis- 
tinction to the carbinols, they are coloured and soluble 
in water; the carbinols are insoluble and colourless. 
Hantzsch^ has also observed that when the carbinols are 
dissolved in acid the dyes are not formed immediately, 
but that intermediate, carbinol salts are first obtained, 
which give up a molecule of water to form the dyes. The 
formulae given above indicate the course of such a series 
of changes, which accords well with the quinonoid struc- 
ture for the rosaniline dyes. 

All the dyes of this group form colourless bases upon 
reduction, known as the ieuca-bases of the colours, which 
are easily re-converted into the dyes by oxidation ; — 


HaN. Ceri4— C— Cen4. NHa 

!l + Ha = 

CeH4=NH.HCl 


HaN.QH4— C-CaH4.NH3 


Para-rosaniline. Leuco-base or Triamino-triphenyl- 

methan^ hydrochloride. 


These leuco-bases are simple substitution produces of 
triphenylmethane, and in their passage to the colours by 
oxidation the carbinol is most probably first formed, and 
then separates water to form the quinonoid molecule of 
the dye. 

The colour of the dyes of this group is closely related to 
^ SiHehtt^ 1900, xxxiii. 278. > Berichie^ 1900, xxx. 752. 
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the number and nature of the basic groups present, and 
in all cases those compounds only are dyes in which these 
groups are in the para-position to the methane carbon; in 
para-rosaniline, for instance, all the three amino-groups 
are in this position, a fact which has been established in 
part by converting it into, and in part by preparing it 
from, compounds of known orientation : — 



The triphenylcarbinol salts, containing only one amino- 
group, are orange yellow in colour, and possess feeble 
dyeing properties. When a second amino-group is present 
the resulting compound is a dye of a violet colour, but of 
little tinctorial value. A third amino-group leads to the 
red dye, para-rosaniline. By substituting the hydrogen 
atoms of the amino-groups by methyl the diamino-com- 
pounds yield green, the rosaniline compounds violet dyes, 
the tinctorial powers of which increase with the number of 
methyl groups present ; the tetra-methyl compound of the 
former is the important dye, Malachite green^ If the 
phenyl radical be introduced into the amino-groups of 
rosaniline instead of methyl, blue dyes are formed, of 
which aniline blue^ the triphenyl derivative, is a valuable 
and much-used colour. The modifying influence of other 
radicals, such as ethyl and benzyl, as also of halogens, 
nitro-groups, sulphonic acid groups, etc., on the colour of 
the dyes of this group has been thoroughly worked out, so 
thai it is now possible, in great measure, to foretell the 
changes such substituents will induce. The influence of 
the simultaneous presence of two or more chromophores 
has also been determined. 

The structure and relations of the other two groups of 
triphenylmethane colours referred to above, the aurins and 
the phthaleins, hav^ been studied on very similar lines. 
They also contain a quinonoid chromogen, which results 
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from the corresponding carbinols by the elimination of a 
molecule of water; like the rosaniline compounds, they 
form colourless leuco-bases on reduction, and differ essen- 
tially only in the nature of the salt-forming groups they 
contain, hydroxyl and carboxyl, which are acidic instead 
of basic, and consequently form salts with alkalis. 

Aurin is derived from trihydroxy-triphenylcarbinol, 
Phenolphthalein from dihydroxy-carboxy-triphenylcarbinol, 
as shown in the following formulae: — • ‘ 

HO.CgH,— C— QH^.OH 

ho/N:«h^.oh 

Trihydroxy'tiiphenylcaTbinol. 

HO.CaH,-C— QH,.OH 

ho/\c6H,.co.oh. 


Dihydroxy-carboxy-triphcnylcarbinol. 

This formula for phenolphthalein does not contain a 
quinonoid grouping. Like the carbinol of para- rosaniline, 
free phenolphthalein is a colourless compound; its salts 
are the colours, and to these the sodium salt) the 

following quinonoid structure is to be assigned^ : — 

HO.CgH^— C=C6H,=0 

C«H,.COONa. 

Sodium salt of phenolphthalein. 

The origin of the colour is, according to this formula, to 
be attributed to the formation of the quinonoid chromo- 
phore from the colourless phenolphthalein molecule, in 
which this special structure is absent. Many physical 
chemists, on the other hand, accept the view, first put 
forward by Ostwald, that the formation of the coloured 
salt is simply due to the ionisation of the phenolphthalein 
molecule without change of structure. The two yicws are 
not necessarily in opposition.^ The numerous experiments 
that have been made upon the sqj^ject accord with the 

^ A. G. Greed and A. G. Perkin, JPChm. Soc., 1904, Ixxxv. 398 ; 
also A. G. Green and P. E. King, /. Soc, Chctn, Ind, , 1908, xxvii. 4. 

Cf, J. T. Hewitt, Analysis 1908, xxxiii. 85. 


C— CgH^.OH 

II 

CoH,=0. 

Aurin. 

HO. CsH,~C— C^H^. OH 
o/\c,(H^.CO 

Phenolphthalein. 
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possibility that the formation of the colour is due to a 
change in structure accompanied by ionisation, and from 
this standpoint the above quinonoid formula for the 
sodium salt is to be accepted as satisfactory. 

Phenolphthalein is of no tinctorial value, but it is largely 
used as an indicator in the titration of acids and alkalis, 
since the smallest excess of alkali converts the colourless 
compound into its bright red salt. The most important 
dyes in ‘the phthale'm group contain halogen substituents, 
and include eosin, erythrosin, gallein, and a closely allied 
group of colours known as rhodamines; they are nearly 
all red, crimson, oi^ scarlet dyes, and are characterised by 
grdat brilliancy of colour. 

Much interest has been aroused recently by the discovery 
of a compound which reacts in many ways as if it had the 
formula (CftH5)3^C — ue. THphenylniethyL This is 
the only instance known in which carbon appears to be 
tervalent, and the evidence upon which the above structure 
rests has naturally been subjected to a searching criticism. 
Unfortunately the moleculikr weight of the compound is 
unknown, and it is thus possible that it may be a hexa- 
phenyl ethane.* The chief argument for the presence of a 
free carbon linking is the great ease with which the com- 
pound adds on chlorine, etc., and even atmospheric 
oxygen. Two forms of triphen>lmethyl Sre known, which 
are probably dynamic isomers, but further work is needed 
before its structure can be regarded as established. 

II. Condensed hocyclic Ring Compounds, Naphthalene, 
Anthracene, AltBarin, — Naphthalene and anthracene are 
both important constituents of coal tar;® they are the initial 
products for the preparation of many valuable dyes of 
which azo-colours, indigo and alizarin, are the most 
prominent. In chemical structure they belong to the 
“condensed ring systems’* of the polycyclic compounds, 
both containing isocyclic rings of six carbon atoms — /.<?., 
benzene rings. Naphthalene is built up of two such rings, 

* Gomberg, 1900, xxxiii. 3150. 

Cf, Tschitschibabin, /. praki, Chem,, 1906 U], Ixxiv. 340; BerichU^ 
1907, xl. 3965; 1908, xH. 2421 ; Gamberg and Cone, Bench fe, 1906, 
xxxix. 1461, 3274; Hunt^vh, Berick(e, 1906, xxxix. 2478; Gombierg, 
Berickte^ 2907, xl 1847. 

* CJ, Chap, vii., p, 113. 
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anthracene of three ; in the former the two rings have two 
carbon atoms in common, in the latter there are two pairs 
of carbon atoms united in this manner, conditions of 
combination \vhich are represented by the following 
structural formulae 



Naphthalene. Cjolla. 


CH CH CH 



Anthracene. C14H10 


The correctness of these formulae has been fully estab- 
lished by a variety of syntheses, details of which are to 
be found in the text-books on organic chemistry. Both 
hydrocarbons are crystalline solids melting at 79® and 213% 
respectively ; naphthalene is isolated from the carbolic oil 
of coal tar by removing the associated phenols by treatment 
with alkali, whilst anthracene, which is found in the 
anthracene oil, the last distillate of coal tar, together with 
many other complex hydrocarbons, is obtained in a 
sufficient degree of purity for the manufacture of alizarin 
bf treatment with suitable solvents and subsequent vola- 
tilisation by steam. 

The isomeric relations of these compounds are, owing 
to their polycyclic character, considerably more complex 
than those of benzene. According to the above formula, 
naphthalene should give rise to two mono-substitution 
products and to ten di-substitution products, and this 
conclusion has been proved to be correct by the prepara- 
tion of this number of derivatives. The orientation of 
naphthalene and anthracene derivatives is decided by 
methods similar to those employed in the case of benzenoid 
compounds, but owing to the more complex relations the 
problem is considerably more difficult, especially when two 
or more different substituents are present. 

The mono-substitution products of naphthalene are 
known as a and /if according as the substitue^ is attached 
to the carbon atom next to one of $hbse which is common 
to the two benzene rings, or is separated from the latter 
by an intermediate carbon atom, as shown in the following 
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formulae for the hydroxy-naphthalenes or naphthols, the 
analogues of the phenols : — 


on 



a-Naphthol. jS-Naphthoi. 


It is obviously fundamental to have means of deciding 
which of any two substitution products of naphthalene has 
the substituent at the a- or position. A simple synthesis 
of a-naphthol will illustrate the kind of reaction that h§Ls 
served to determine this. The phenyl derivative of an 
unsaturated aliphatic acid, isocrotonic acid, separates a 
molecule of water when heated and forms one of the 
naphthols ; the change, which is shown in the following 
equations, is most simply represented as taking place vid 
an alternative ketonic formula for naphthol, as an inter- 
mediate stage : — 

CfiHs-Cll : Cll.CH2.COOH 
Phenyl -isocrotonic acul. 


.CO-CH2 

CJl/ I f H2O. 
"CH=:CH 

Naphthol (ketonic formula). 


or 



cn cii 

Phenyl-isocrotonic acid. 



Naphthol (ketonic formula). 


OH 



tt-Naphlhol. 
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This synthesis has several points of interest. In the 
first place it is clear that the hydroxy-group, is attached 
to a carbon atom next to one of those common to the two 
rings, and that it is, therefore, in the a-position. The 
compound formed is a solid which melts at 94® and which 
givefs a violet coloration with ferric chloride, properties 
which consequently are to be accepted as characteristic of 
a-naphthol. Consistently with theory only one isomer is 
known, which melts at 122* and which is colauted green 
by ferric chloride ; this is necessarily the / 3 -compound. 
Secondly, the synthesis points clearly to the naphthalene 
ring being built up by the combination of two benzene 
lings with two adjacent carbon atoms in common. And 
finally, the double bond present in phenyl-isocrotonic acid 
is only represented in the ketonic formula for ci-naphlhol, 
not in the normal formula, which is in accord with all its 
properties and chemical character. The full representation 
of the carbon linkings in this compound, as in naphthalene 
and its derivatives generally, necessitates the presence of 
further potential or other linkings. The nature of the 
latter has been the subject of much experimental study, 
especially in connection with certain reduction products of 
the naphthols and of the amino-derivatives of naphthalene, 
the naphthylamines, and there is considerable evidence in 
favour of accepting the following centric formula, proposed 
by Bamberger, as the best representation of the conditions 
of linking in the naphthalene molecule : — ^ 



('entric formula for Naphthalene (Uamberjjei). 

The derivatives of naphthalene that are so largely 
employed in the colour industry consist chiefly of the 
naphthols, the naphthylamines and their sulphonic acids, 
for the preparation of which the hydrocarbon is the 
starting point. The naphthylamines, like their analogue 
aniline, can be diazotised, and by the combination of 
these diazo-compounds of naphthalene with the amines 
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and phenols of both benzenoid and naphthalene hydro- 
carbons numerous important azo-dyes are prepared.^ 

Alizarin , — The successful establishment of the aniline 
colour industry, which had been accomplished within some 
twelve years after the discovery of Perkin’s “ mauve” in 
1856, was due essentially to the synthetical preparation of 
the rosaniline dyes. These and their derivatives formed 
the bulk of the artificial colours which had entered into 
competition with natural colouring matters. None of the 
latter had then been prepared artificially, but in 1868, 
alizarin, the colouring matter of the madder root, one 
of the most valuably dyes, was obtained synthetically by 
Grabe and Liebermann, and the following year both 
Perkin and Caro succeeded in preparing it on a com- 
mercial scale. 

The alizarin, or madder dye, well known in the form of 
“ turkey red,” is found in nature in the root of the madder 
(Rubia tinciorum) and other plants of the Rubiacese family. 
It occurs in the form of a glucosidc^ known as ruberythric 
acid ; its decomposition into glucose and alizarin is repre-^ 
sented by the equation : — 

2 H 2 O = 2CgHj20(j + 

Ruberythric acid. Glucose. Alizarin. 

Another colouring matter, known as purpurin, is found 
side by sid% with alizarin in madder,, and various pre- 
parations of these products were formerly made, such as 
garancin and madder-flowers. 

The discovery that led to the synthetical preparation of 
alizarin was that upon distilling it over red-hot zinc dust 
it yielded the hydrocarbon anthracene.® Anthracene was 
known to give a compound called anthraquinone upon 
oxidation and by introducing two hydroxyl-groups into 
the!* latter, Grabe and Liebermann effected the synthesis 
of alizarin ; the method they adopted was subsequently 
modified for manufacturing purposes. The relations^ of 
these three compounds are shown in the following 
formulae : — 


’ C/. Chap. X., p. 211. 

« „ xiii , p. 346. 


* Cf. Chap, xi., p. 267. 
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Alizarin ( Dihydroxy •anthraquinune). 


The formula of anthraquinone as a di-ketone of anthra- 
cene has been fully established by synthetical reactions, 
*^nd that of alizarin as a dihydroxy-anthraquinone has been 
similarly proved. In connection with the latter, the de- 
termination of the position of the two hydroxyl-groups is 
of importance, and this has been effected in the following 
way. 

The anhydride of phthalic acid, the ortho-dicarboxylic 
acid of benzene, yields alizarin when heated with catechol 
(ortho-dihydroxy-benzene) in presence of a^’ dehydrating 
agent. Smee the two %droxyl groups in catechol are 
adjacent, there are two, and only two, possible positions 
that the pair can occupy in relation to the two carbon 
atoms that are common to the second (II.) and third (111.) 
benzene rings of the alizarin molecule, as will be clear from 
the following equations: — 


IX) 011 
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OH 

+ H ,0 


OH 

+ 140. 

OH 


To decide between these positions, monohydroxy-benzene 
(phenol) was employed instead of catechol in this synthesis, 
when it was found that two different monohydroxy-anthra-' 
quinones were formed, each of which was converted into 
alizarin by replacing a second hydrogen atom in ring III. 
by hydroxyl. Now, if either of the two hydroxyl groups 
in the formula for alizarin given in equation B were 
eliminated, the monohydroxy-anthraquinones formed would 
be identical, because each of these two groups is similarly 
situated to ring II. ; they both occupy- the ^-position of 
the naphthalene ring.^ The positions given in equation 
A, however, are different ; they correspond to the a- and /S- 
positions of the naphthalene substituents respectively, and 
since phenol yields two distinct monohydroxy-anthraquin- 
pnes, one must have the hydroxyl group in the a-position, 
'whilst in the other this group must occupy the jS-position. 
Finally, since both yield the same compound, alizarin, 
whAi a second hydroxyl group is introduced, the proof is 
complete that the latter has these substituents in the posi- 
tions represented in equation A. 

There are several important dyes closely related to 
alizarin, all of which are hydroxy-anthraquinones, and 
which contain more than two hydroxyl groups ; in all of 
^ Cf. this chapter, p. 424. 
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these, two of the contained hydroxyl groups have the same 
orientation as those of alizarin. Compounds in which no 
two hydroxyl groups occupy these positions are not dyes, 
so that the orientation of the compound, in addition to its 
composition, appears as an essential factor in respect to its 
tindtorial properties, as in the case of the rosaniline dyes. 

Alizarin itself is of a brilliant red colour, but it is in- 
soluble in water, and only its salts act as dyes. The 
alkali salts are soluble, those of the heavy meta}s< insoluble 
and of very varying colour, from bright red to violet and 
brown ; it is the latter that are used in dyeing, and they 
are precipitated on the fabric by “mordanting” with 
suitable salts of iron, aluminium, chromium, etc., which 
are decomposed by heating, in presence of alizarin, with the 
formation of the corresponding insoluble alizarin salts. 
By simple precipitation of the alkali salts of alizarin with 
salts of iron, aluminium, and other metals, similar in- 
soluble salts are prepared for use as pigments, which are 
known as “ lakes.” 

III. Condensed Ring Compounds containing an Isocyclic 
and of a Heterocyclic ring. Quinoline, Isoquinoline, ln~ 
dole and Indigo, — The condition of combination between 
benzene rings that gives rise to the condensed polycyclic 
compounds naphthalene and anthracene can also obtain 
between one or more isocyclic and heterocyclic rings. The 
most important of such mixed, condensed polycyclic com- 
pounds are those containing nitrogen; a considerable 
variety of such compounds is known, owing to the 
possibility of isomeric relations similar to those referred to 
in connection with the azole rings. ^ Two compoun$ls, for 
instance, are known consisting of a benzene ring united to 
a pyridine ring with two carbon atoms in common ; they 
are called quinoline and isoquinoline, and have been 
proved to have the following structural formulae: — 



^ Cf, this chapter, p; 402. 
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Both compounds are analogous in structure to naphtha- 
lene, but owing to the presence of the nitrogen atom they 
resemble pyridine in possessing basic properties; in 
stability they stand midway between benzene and pyridine, 
as would be expected from their structure; Owing to the 
near relation of quinoline to several important alkaloids, a 
special interest has attached to the study of its derivatives, 
which have accordingly been very thoroughly investigated. 
By the replacement of a hydrogen atom by a methyl group 
the methyl-^iulnolines are obtained of which no less than 
seven isomers are possible. All of these seven methyl- 
quinolines are known, as are also the seven quinoline car- 
boxylic acids which result from them by oxidation. Many 
other substituting groups can be introduced into the 
quinoline molecule, and upon reduction, these derivatives, 
as well as quinoline itself, yield characteristic reduction 
products, the most important of which contain four added 
hydrogen atoms in the pyridine ring. The following are 
the formulae of ortho-nicthylquinoline and of quinoline 
tetrahydride: — 



Ortho-methylquinoline. Telrahydroquinoline. 


The important alkaloids of the cinchona bark, quinine and 
cinchonine, are converted by a number of reagents into 
simple quinoline derivatives, and the quinoline ring un- 
'’doubtedly constitutes a part of their complex molecules ; 
the remainder of their structure still awaits elucidation. 
Thef presence of an isoquinoline ring in the alkaloids 
papaverine, narcotine, hydrastine, and berberiiie has also 
been satisfactorily established. 

Indole and Indigo , — Indigo blue is the chief colouring 
matter of the Indigo plant (Indigofera tinctorid); it also 
occurs in other species of Indigofera as well as in European 
woad {Isatis Hiictoria), It is a dark blue solid, character- 
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ised by its marked insolubility in all ordinary reagents ; it 
sublimes on heating, giving off a fiery red vapour, and its 
vapour density corresponds to the molecular formula 

The application of indigo in dyeing and printing cannot 
be effected directly, owing to its insolubility. The method 
adopted is to reduce it to a colourless compound known as 
indigo white, which is soluble in alkalis, and which is 
readily taken up by the treated fibre ; on exposure to air 
the indigo white is oxidised to indigo blue, Which thus 
becomes fixed on the fabric. This reduction, which can 
be effected by a variety of reagents, corresponds to the 
addition of two atoms of hydrogen, as represented in the 
equation: — 

Inc]i|;o blue. Indif^o white. 


The first complete synthesis of indigo was effected by 
von Baeyer in 1878; the method employed was purely of 
scientific interest, but two years later the same chemist 
discovered a further method for its preparation which 
gave promise of successful working on a manufacturing 
scale. This achievement was the outcome of many years 
of work on the structure of indigo and of a number of 
compounds which stand in close relation to it. Three 
compounds— indole, indoxyl, and isatin — are of special 
interest and importance in connection with these in- 
vestigations. 

Indole yields indigo when oxidised by ozone indoxyl 
is very readily oxidised to indigo by exposure to air in 
presence of alkalis, and isatin, which is itself obtained 
by the oxidation of indigo, is converted into the dye by 
reducing agents. The structure of these compounds is " 
shown in the following formulae : — 


CH. 

ycH 

Indole or Benzo-pyrrole. 




/COs. 

Indoxyl. 


C„H 


/CO. 

K >co 
\nh/ 

Isatin. 


or: — 
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Cll 



Indoxyl.^ 



All are polycyclic compounds of the condensed type, 
indole, which is to be regarded as the parent compound of 
the other two, being built up of a benicene ring in com- 
bination with a pyrrole ring,^ with two adjacent carbon 
atoms common to the two rings ; hence its nomenclature 
benzo-pyrrole. The structural formula of indigo itself is 
based upon the structure of these and related compounds ; 
it consists of two indoxyl rings united by a double linking 
between two of the carbon atoms, and its formation by 
the oxidation of indoxyl is represented by the following 
equation : — 


QH 



+ 


/CO. 


+ 02 


Indoxyl. 


yCO 

c«h/ 

\nh 


>= 




\nh 

Indigo 




CeH, + 


2Hs,0. 


The relations of indoxyl and isatin to indigo, which 
were established by van Baeyer and his pupils, form the 

' — The formulae given here are those of pseudo- indoxyl and of 

pseudo'isatin, as they give a simpler expression of the relation of these 
compounds to indigo and to the synthetical reactions described later, than 
the normal formulae for these compounds. (Cy, Chap. xiv. p. 361.) 

3 Cy. this chanter, p. 402* 

48 . 
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basis for the most Important synthetical methods for the 
preparation of the dye, whilst the relation of indoxyl to 
indigo has a direct bearing on the conditions under which 
the dye is obtained from the indigo plant. 

nutural occurrence of Indigo » — The general method 
adopted for obtaining indigo from the plant is to cut 
the plants off close to the ground when they are about 
three months old and shortly before they flower. After 
cropping, the plants are again allowed to grow until they 
are sufficiently mature to admit of a second cutting. 
Occasionally a third and even a fourth crop is made, but 
each of these successive crops yields less blue and that of 
poorer quality than the previous one. The cut plants are 
placed in large stone cisterns called ‘‘steepers,” where 
they are covered with water and kept in position by means 
of boards and heavy stones ; the water, which is run off 
when the steeping is completed, is then agitated by beating 
with wooden paddles, when the indigo is separated in blue 
flocks, which are collected, pressed, cut into cubical blocks 
and dried. More scientific methods for the culture of the 
indigo plant and the extraction of the dye are now being 
studied, the necessity for improvement having been forced 
upon planters since synthetical indigo was placed on the 
market. By due attention to the use of artificial manuring, 
principally with superphosphates, an increased plant pro- 
duction of from 50 to 100 per cent, is said to have been 
obtained. Further, it is now suggested that since the 
chief content of the colouring matter is in the leaves, 
these only should be stripped and steeped, instead of 
cutting the plants down as hitherto. Also, the old 
beating process is regarded as wasteful, and a method is 
now being used in which air is blown in at the bottom of 
the vats through a series of perforated pipes ; it is claimed 
that this alteration increases the yield of indigo by from 
23 to 30 per cent. The necessity of the steeping process 
has also been called into question ; it is known that a 
bacterial fermentation takes place at this stage, but how 
far this is favourable to or inimical to the yield of indigo 
is by no means decided.^ 

The recognition of the best method to be adopted for 

^ Cf. " The cultivatioti, manufacture and uses of Indigo, ** C. Kawson,< 
/. So€. Chem. 1899 xviii. 467 J /. Soc, of ArU^ 1900, xtviii. 413. 
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the extraction of indigo from the plant and also of the 
most favourable conditions of culture necessary to produce 
plants rich in the dye have, until recently, been prevented 
by the previously incomplete knowledge of the chemical 
nature of the compound in which it is initially present in 
the plant and also by the absence of reliable methods for 
its analytical determination. 

It was originally thought that the colouring matter 
occurred’ ip the plant in the form of the soluble reduction 
product indigo white, and this view was held until Schunck 
(1855) showed that it was present as a glucoside, called 
Indican^ which he Regarded as a compound of indigo with 
a sugar, indiglucin, into which components it was hydro- 
lysed by the action of enzymes. Subsequent investiga- 
tions by HoogewerfF and ter Meulen,^ which have since 
been extended and confirmed by A, G. Perkin and W. P. 
Bloxam,^ have shown, however, that indican is not a 
glucoside of indigo itself, but of indoxyl, which is de- 
composed by hydrolysis in accordance with the following 
equation ; the sugar obtained is ordinary grape-sugar or 
dextrose : — 

C14H1AN + H2O = CgH,0N + C«Hi20«. 

Indican. Indoxyl. Dextrose. 

This is, therefore, to be regarded as the initial decom- 
position which takes place in the **steepers.” Indoxyl, 
as stated above, is readily oxidised to indigo, and the 
formation of the latter from the plant extract is accordingly 
dependent upon the oxidation brought about by the air. 
From this explanation of the mechanism of the formation 
of the indigo it is readily seen that the moditication of 
^blowing air through, the liquid extract from the plants 
may play an important "part in the production of the dye. 
Indeed, Perkin and Bloxam^ have shown that if indican 
be hydrolysed in absence of air the indoxyl is not converted 
to indigo, but to a brown amorphous substance, of no 
tinctorial value, resembling indigo brown. From this it 
appears that indigo brown is also a derivative of indoxyl ; 
it is formed as a by-product in the manufacture of indigo 

\ Of. /. Soe, Cktm. Ind,^ 1900, xix. 1100. ^ Loc. tit, 

* Chem, Soc,, 1907, xci. 1715. 
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from the plant. In order to improve the yield of indigo 
it would thus appear necessary to regulate the oxidation 
which takes place during the steeping in such a way as to 
produce the maximum quantity of indigo, and to minimise 
such secondary reactions as the above. This might be 
attained by modifying the conditions of the blowing 
process or by the addition of suitable oxidising agents, or 
possibly of catalysts. 

With the more accurate knowledge whic^i* is now 
available, as the result of these investigations, as to the 
nature of indican and with the reliable methods now 
known for its estimation,^ it should prove possible to 
greatly improve the methods for the culture and extrac- 
tion of indigo. Meanwhile the competition between the 
natural and the synthetical product has become acute, and 
the best aid of science will be needed to stay the speedy 
relegation of the former to the position of an extinct in- 
dustry. In 1906, synthetic indigo had so far superseded 
the natural product that of a total weight of 46,683 cwt. 
of indigo imported into Great Britain only 7,641 cwt. were 
from the indigo plant ; taking into consideration the pro- 
portion of pure indigo contained in the natural product, 
this represents only between 8 and 9 per cent, ot the 
total import. 

The synthetical preparation of Indigo , — There are three 
compounds that have served as starting points for the 
chief methods at present known for the synthetical pre- 
paration of indigo : — benzene, toluene and naphthalene. 
All three are important constituents of coal tar and are 
largely employed in the manufacture of coal tar colours: 
The relative commercial values of the methods for the 
manufacture of indigo are, naturally, largely dependent 
upon the initial product chosen, for in view of the fact that 
the total annual consumption of indigo amounts to about 
5000 tons it is obvious that that method of manufacture 
is favoured for which there is a sufficient supply of the 
initial material without necessitating the simultaneous 
production of an unmarketable quantity of other products. 
Of the three raw materials mentioned, naphthalene is most 

' Cf, Gaunt, Thomas and Bloxam, y. Soc, Chem^ Ind.^ 1907, xxvi. 
1174; also, Bergtheil and Brim, 1907, xxvi. 1172; ai^d Report 

to tie Government oflndia^ by W. P. Bloxam, 19084 
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favoured in this respect ; neither benzene nor toluene are 
available in sufficient quantity for the manufacture of the 
total indigo required by any one of the processes at present 
known, especially in view of the demand for these hydro- 
carbons for other purposes, as, for instance, for the 
manufacture of explosives. Still it is quite possible that 
new conditions of manufacture may alter these relations. 

In von Baeyer’s original synthesis toluene was the 
starting* point, from which he prepared cinnamic acid ; 
from this he obtained the ethyl ester of ortho-nitro- 
cinnamic acid which he then converted into a doubly 
unsaturated acid,xortho-nitrophenyl-propiolic acid. This 
last compound yields indigo when treated with reducing 
agents, and since the method supplied a means for 
producing the dye on the fabric, by first treating the latter 
with a solution of a salt of the acid and then applying 
the reducing agent, it promised most hopefully. It did 
not, however, prove a commercial success, the cost of 
production being too great in comparison with the price 
of natural indigo. The chemical changes in the process, 
which are outlined below, are somewhat complicated ; an 
isatin derivative is an intermediate product in the final 
reduction : — 


CcHg.CHg. QHs.CCI.,-^ QHs.CH : CH.COOH 


Toluene. Benzotrichloridc. 

Cinnamic acid. 

yCH : CH.COOC2H5 

C«Hx 

yCiC.COOH 

Call/ 

• ‘\no. 

* ^\NO,. 

Ethyl ester of ortho-nitrocinnamic acid, Ortbo-nitrophenylpropiolic 

acid. 

/COv 

/CO V yCO V 

' >:€<( XH, 

^NH/ \NH/ 

. C,u/ >CO CeH,< 

\nh/ 

Isatin. 

Indigo. 


Of the methods that are now in use or have been 
proposed for the manufacture of indigo, three are of 
special importance ; there are, however, many more 
known, each of which has contributed its quota of 
knowledge and scientific interest to the study of the 
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indigo group. These three methods may be summarised 
as follows : — 

1. Sy 7 ithcsis frotn Ortho-nilrobensaldehydc. Baeyer and 
Drewsen, 1882. 

Starting point toluene, from which ortho^nitrobenzalde- 
hyde is "prepared ; this, when condensed with acetone, 
yields a complex ketone which is decomposed by alkali 
with the formation of indigo. 

2. Synthesis frofn Phetiylgiycute carboxylic aQid. Heu- 
mann, 1890. 

Starting point naphthalene, which is converted into 
anthranilic acid ; from the latter phenylglycine ortho- 
carboxylic acid is obtained which when fused with alkali 
forms indoxy], from which indigo is obtained by oxidation. 

3. Synthesis from Aniline. Sandmeyer, 1899. 

Starting point benzene, from which aniline and sulpho- 

carbanilide (diphenyl thiourea) are successively prepared. 
The latter is converted by a series of changes into a 
derivative of isatin from which indigo is obtained by 
reduction. 

Of these methods the second only will be described, as 
it has hitherto proved to be the most successful. , 

By the action of mono-chloracetic acid upon aniline the 
phenyl derivative of amino-acetic acid, phenylglycine, is 
obtained, according to the following equation ; — 




H 

H 


Aniline. 


+ 

CiCHyCOOH 

= CfiHs.NH.CHgCOOH + HCl. 

Chloracetic acid. Phenyl glycine. 


Phenyl glycine when fused with alkali is converted into 
indoxyl, which, as stated, can be readily oxidised to indigo ; 
the formation of indoxyl is represented as follows : — ^ 


jH; COOH 

Phenyl glycine. 
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In this equation the separation of the molecule of water 
that results in the formation of indoxyl, is represented as 
taking* place between the hydrogen atom next to, or in 
the ortho-position to the NH group of the benzene ring 
and the OH of the carboxyl group. This must be the 
condition of condensation for indoxyl to be formed, 
because the two carbon atoms that are common to the 
contained rings are in the ortho-position to one another. 
An orthq-condensation is similarly necessary for the 
preparation of isatin or of indigo from any benzenoid 
compound, and it will obviously be favoured by starting 
from an ortho-dofivative of benzene or a homologue, 
instead of leaving it to chance, as in the above synthesis 
from phenyl glycine. The selection of suitable ortho- 
compounds has, in consequence, played an all important 
part in the methods for the preparation of indigo. This 
consideration led to the substitution of the ortho-car- 
boxylic acid of aniline (anthranilic acid) for aniline, by 
Heumann, with the result that a greatly improved yield 
of indigo was obtained. By the action of chloracetic acid 
on anthranilic acid, the ortho-carboxylic acid of phenyl- 
glycine is formed, which when fused with alkali and 
subsequently oxidised yields indigo, a carboxylic acid of 
indoxyl being formed as an intermediate product. The 
stages in this synthesis are represented by the following 
equations : — 


COOH 


C.H.< H 

Xti; 


+ iCi’CH3.COOH 

: • 


Anthranilic acid. Chloracetic acid. 

/COOH 

= CeH / + HCl. 

• \nh.ch2.cooh. 

Phenylglyciiie-orthocarboxylic acid. 



Phcnylglycine-orthocarboxylic acid. 



NM 

Indoxyl carlioxylic acid. 



440 


MODERN ORGANIC .CHEMISTRY. 


The difficulty in this process, from a cominerciaj stand- 
point, was the manufacture of the anthranilic acid. It has 
been overcome by starting its preparation from naphthalene 
which is oxidised to phthalic acid, from which an imide 
(phthalimide) is prepared which can be directly converted 
intd anthranilic acid ^ 


^COOH 

‘^COOH 

Phthalic acid. 


/C0\ 
oH/ > 
\C0/ 
Phthalimide. 


,COOII 


Anthranilic acid. 


The way in which the successive stages of this synthesis 
have been made practical working processes is a remark- 
able story of the combination of the highest scientific 
knowledge with the greatest practical skill and resource, 
and it is not too much to say that it stands without parallel 
amongst the modern achievements of chemical industry.^ 

’ Cf, “The Synlhesisof Indigo," Meldola,/. Soc. of Arts, 1901, p. 397. 
“ Zur Gcschichte der Indigosynthesc,” von Baeyer, Berichte, 1900, xxxiii.. 
Appendix, p. 51. Brunck, Berichte, 1900, xxxiii.. Appendix, p. 71. 



CHAPTER XVJ. 


THE SYNTHESIS OF PHYSIOLOGICALLY ACTIVE ORGANIC 
COMPOUNDS. 

\ 

The preparation of pure drugs from natural products— The 
investigation of the physiological action of drugs — Grouping 
of synthetically prepared drugs as antipyretics, narcotics 
and antiseptics. 

Antipyrctics,^(^yi\xi\'Ciii, and Cinchonine — Quinoline compounds — 
Antipyrine — The general chemical character of metabolic 
changes; oxidation, reduction and combination — Anti- 
pyretics derived from Aniline — Acetanilide — Exalgine— 
Phenacetine — Lactoplienine — Phenocoll. 

Hypnotics and anjesthetics — The alcohols — Amylene 
hydrate— Halogen compounds— Aldehydes-'Chloral hydrate. 
Urethane, Chloralamide, Hedonal— Ketones, Sulphonal— 
Veronal— Local anccsthetics Cocaine. 

Anti$eptics,--^\itXiQ\ and its homologucs — Iodoform and “iodo- 
form substitutes Salicylic acid — Salol and the “Salol 
principle” — Aspirin— Guaiacol. 

Other Synthetically prepared drugs. — Solvents for Uric Acid: — 
Piperazine, Lysidine — Purgatives : — Anthrapurpurin, 
Phenol phthalein. ^ 

The relation between taste and chemical structure; Saccharine, 
Dulcin. 


^Thb association of the science of organic chemistry with 
that branch of the art oi healing which is concerned with 
the preparation and use ot drugs dates from the early years 
of Tast century, when quinine, cinchonine, brucine, strych- 
nine and other vegetable alkaloids were isolated from their 
natural sources. The preparation of these alkaloids in a 
pure state supplied the material for the accurate study 
of their individual physiological actions, and thus the 
empiricism previously associated with the use of the 
drugs of which they were the essential constituents was 
removed. 
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The value of the bark of the cinchona tree as an 
antipyretic has been known since the middle of the 
seventeenth century; more than twenty alkaloids are 
present in this product In addition to quinine, whilst the 
percentage of the latter varies in different barks from 2 
to 13. To have access to a pure product, in place of the' 
varying mixtures formerly in use, has been an important « 
gain to medicine ; some of the alkaloids associated with 
quinine differ from it both qualitatively and quantitatively 
in their physiological effect, and, therefore, their presence 
in the crude drug prevented that guarantee of reliability 
which is now associated with the pure alkaloid. 

With the development of the analytical and synthetical 
methods ^ organic chemistry attempts were naturally 
made to prepare these more valuable vegetable alkaloids 
in the laboratory, an achievement which has not yet been 
effected ; but the study of their structure has led to the 
recognition of the presence of certain groups in their 
molecules which, on the assumption that compounds 
having a similar chemical constitution should have a 
similar physiological action, supplied the first step towards 
the synthetical preparation of physiologically active com- 
pounds. 

Quinoline derivatives had been obtained from quinine 
and cinchonine, and this fact led Otto Fischer and Filehne 
(iSSa) to the study of the physiological action of quinoline 
compounds, in the hope of preparing substances of value 
as antipyretics ; the discovery of Katrine and the recog- 
nition of the therapeutic value 43f Antipyrine followed as a 
result of these investigations. Researches by Crum. Browti 
and Frazer (1869) on the influence of certain groups, such 
as methyl and ethyl, on the physiological action of brucine, 
strychnine and other alkaloids were amongst the earliesN 
attempts to trace a relationship between chemical structure 
and physiological action, and by the application of their 
method of inquiry to compounds of known constitution 
the study of this subject has advanced with remarkable 
rapidity. 

The vegetable alkaloids have thus been the starting 
point for the study of the synthetical preparation of 
' physiologically active compounds ; there is little doubt 
that the present knowledge of the physiological relations 
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of organic compounds must serve as an important aid in 
the synthesis of these valuable natural products, and in 
this manner pharmacology and therapeutics may repay 
their debt to the science of organic chemistry. 

The study of the physiological action of synthetically 
prepared organic compounds has now become thorough 
and systematic. Certain typical groups have been recog- 
nised as possessing specific narcotic, antiseptic or anti- 
pyretic actjons, whilst the modifications in these effects 
produced by the introduction of substituting groups are 
fairly accurately known. The knowledge of the relation 
of chemical structu:^e to physiological-action is, however, 
still very incomplete, and many new groups of compounds, 
possessing valuable therapeutic properties, have been 
prepared during the past few years, the physiological 
action of which Was, in no way, anticipated. 

“ Pharmaco-therapeutics,” as this subject is sometimes 
termed, forms the youngest development of modern organic 
chemistry, both from a scientific as well as from an industrial 
standpoint, whilst in its application to medicine it has . 
proved an advance of real value in the means for com- 
bating sickness and disease. 

From the scientific side the study of the physiological 
.action of synthetically prepared compounds, followed by 
inquiry into the relation between the structure of organic 
compounds and their physiological effect, has led to an 
important extension of the scope of chemical physiology 
and to a closer association of the borderland work of the 
chemist and physiologist. 

* The manufacture of compounds of therapeutic value such 
as antipyrine, phenacetine, salol, sulphonal, and veronal, 
has developed to an industry of commercial importance, 
■as may be judged by the fact that the value of these pro- 
ducts imported into England is well over ;^2So,ooo 
annually. This manufacture is chiefly carried out at the 
German colour works, where the initial materials and well- 
staffed laboratories have provided most favourable condi- 
tions for its development. 

The aim of the present chapter is to show, by means of 
some of the best investigated instances, along what lines 
chemical synthesis has advanced in the preparation of 
physiologically active compounds. 
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The Investigation of the Physiological Action of Drugs . — 
As a pfeliminary consideration it is well to bear in mind 
that whilst the preparation by the chemist of new 
compounds of possible therapeutic value is a comparatively 
easy task, the investigation of the action of drugs by the 
pfiysioibgist is a much more difficult form of experimental 
inquiry. The complexity of the animal body, the many 
functions it exercises, the innumerable and mutually 
dependent processes Avhich take place in it, are all factors 
which contribute to the difficulty of investigation. These 
difficulties are not so much In regard to the tracing of any 
final effect a drug may produce, but in correctly attributing 
its action to the function or process by which the observed 
result has been attained. 

How a drug acts and where it acts are problems in the 
study of pharmaco-therapeutics that concern the physi- 
ologist, but it may not be out of place to refer to some of 
the simpler causes that may condition or complicate the 
physiological action of a drug. 

The physiologist distinguishes between the direct and 
the indirect action of a drug. For instance, curare kills 
by paralysing the ends of the motor nerves; this is its 
direct action. But, under certain circumstances, death is 
preceded by convulsions due to a secondary or indirect 
effect. Again, a drug may exert a local action on that 
part of the body with which it first comes into contact, 
which may give rise to symptoms in other, remote parts of 
the body of an unfavourable character. Such secondary 
effects occur in the action of quinoline as an antipyretic and 
are of such a nature as to prevent its applics^tion in 
practice. Many intestinal antiseptics have an injurious 
effect on the stomach, and hence has arisen the preparation 
of such compounds as salol and guaiacol carbonate, whiclv 
are carried through the stomach unchanged, thus avoiding 
the local irritant action which stands apart from the real 
value of the drug. 

The effect of a drug varies also with the quantity. 
Atropine, for example, in small doses slows the pulse; in 
larger quantities it quickens the beating, and in very large 
quantities again stows it. Small doses of naphthalene 
increase the blood pressure^ large doses decrease it ; and 
paraformaldehyde in doses of grams acts as a purga* 
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tive, whilst smaller quantities cause constipation. These 
variations arise from the fact that different tissues are 
affected according to the quantity of the drug administered ; 
the effect of a substance on one and the same tissue does 
not vary with the dose. Further, the quantity of a drug 
required to produce a certain result is no absolute value. 
What has to be considered is the quantity of the drug 
acting, and this is related to the weight of the body acted 
upon, to thp rapidity with which the drug is absorbed in 
the system, and the proportion this bears to the rapidity of 
excretion. Hence, the mode of administration of a drug 
causes variations in the physiological effect produced; 
kairine and antipyrine, for instance, have a much greater 
effect when injected subcutaneously than when taken into 
the stomach by the mouth. The solubility or insolubility 
of a drug may be favourable or unfavourable to its use, 
and it is especially to be borne in mind that the therapeutic 
value of this factor does not rest with the conditions of 
solubility outside the body, but with those which obtain 
with the various juices, fats, and oils which are concerned 
with the general animal metabolism. 

The different actions of a drug in health and in disease 
have also to be considered. Quinine can reduce the tem- 
perature 3*" to 4° in cases of fever, but under normal 
conditions its antipyretic action is very slight. Similarly, 
salicylic acid and its salts are valuable antipyretics in cases 
of acute articular rheumatism, but they have no such action 
in health, and but little effect in most other febrile conditions. 

Such are a few among the many points the physiologist 
hhs to consider in assigning to a drug what is called its 
“action,” and they have to be carefully weighed in con- 
sidering the relations that have been traced between the 
cfhemical structure and the physiological effect of drugs. ^ 

^ Literature on synthetically prepared drugs and on the relation of 
physiological action to chemical structure: — 

Lauder Brunton. An Introduction to Modern Therapeutics^ 1892. 
CrooniaH Lectures^ 1889. 

Lauder Brunton. Jhe Action of Medicines^ 1897. 

B. Fischer. Die neuertn Arzmimittel^ 

S. Frankel, Die ArzminiUtel-Synthese, Second edition, 1906. 

F. Francis and J. Fortescue-Brickdale. The Chemical Basis oj 
Pharmacology t 1908. 

W. F. Loebisch, Dio neueren Areneimittel, 1895. 
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Most of the synthetically prepared drugs can be con- 
veniently grouped under the three headings of;— 

1. Antipyretics. 

2. Narcotics. 

3. Antiseptics. 

The properties of some assign them to more than op^ 
of these groups, but these will be dealt with in the sequel 
under the heading which embraces their mose important 
therapeutic applications. There are, in addition, a few 
drugs of interest which fall outside these groups, which 
will be dealt with separately, as: — 

4, Other Synthetically prepared Drugs. 

I. ANTIPYRETICS. 

The influence of alkyl groups on the physiological action 
of alkaloids was, as already stated, first studied by Crum 
Brown and Frazer, and their investigations, associated 
with the still incomplete knowledge of the structure of 
these compounds, gave the first impetus to the synthetical 
preparation of antipyretics. 

Quinine and Cinchonine . — Quinine has long been known 
as a valuable antipyretic, and as a specific against malaria 
and other intermittent fevers. The alkaloid cinchonine, 
which is associated with quinine in cinchona bark, is far 
less certain in its action than quinine, and it must be 
administered in much greater doses in order to exert an 
antipyretic effect. Chemically these two compounds are 
very closely related; they differ only by the presence of a 
methoxy-group (OCH3), in quinine in place of a hydrogen 
atom of cinchonine. ^ ^ 

CiyHajjNjjO. Cinchonine. 

Gi9H3i(0CHa)N20. Quinine. *' 

From reliable decompositions these compounds undergo 
there is little doubt but that both contain a quinoline ring, 
and that their di&rence is due to the substitution of a 
hydrogen atom this ring by methoxyl. An alkaloid 
cupreine is known which chemically stands midway 
between cinchonine and quinine; it contains . a quinoline^ 



PHYSIOLOGICALLY ACTIVE ORGANIC COMPOUNDS. 447 

ring, with a hydrogen atom replaced by hydroxyl. The 
relations of these three compounds are shown in the 
forinulse: — 

Cinchonine. CjoHj^NO — C^HgN. 

Cupreine. CioH^^NO — Cj^HsN^OH. 

Quinine. — CJ,^^5N.OCH3. 

*l^he group, C^H^N, represents the quinoline ring, which is 
attached by one bond to the rest of the molecule, CioHioNO. 
the structure ot which is not yet known. 

The difference in structure between quinine and cincho- 
nine is so small that it seems out of all proportion to the 
difference in their physiological effects. Cupreine, like 
cinchonine, has only a slight antipyretic action, and since 
it is likely that the effect of the latter is due to its being 
partially oxidised to cupreine in the body, the difference in 
the physiological action of quinine and cinchonine becomes 
even more marked. By substituting the hydrogen of the 
hydroxyl-group of cupreme by methyl-, quinine is obtained, 
and other groups, such as ethyl, propyl, or amyl, can be 
similarly introduced to form homologues of quinine. All 
these compounds possess the antipyretic and specific 
actions of quinine; they are, in fact, more powerful 
febrifuges than quinine itself, but considerably moie toxic. 
Hence, the physiological action of quinine cannot be 
attributed simply to the methyl group, but it is obviously 
closely associated with an alkylated hydroxyl group 
attached to a quinoline ring. 

Quinoline Compounds . — The recognition of the fact that 
the quinoline ring forms an essential portion of the quinine 
molecule led to attempts to prepare febrifuges from 
quinoline and from the allied bases, isoquinoiine and 
pyridine; the influence df alkyl groups in modifying the 
physiological action of the alkaloids gave useful direction 
to 4 :hese attempts. Quinoline itself possesses powerful 
antiseptic and antipyretic properties, but it causes so many 
unpleasant secondary reactions in the system, culminating 
in collapse, that it is of no practical therapeutic value. By 
substituting a hydrogen atom by hydroxyl, a hydroxy- 
quinoline (para) can be obtained, but both this compound 
and its methyl*ether have a much weaker antipyretic action 
than quinoline, and, in addition, they have a tendency to 
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decompps^ albumin, which is prejudicial to their use. The 
relation of these compounds is ocactly that of cinchonine 
to cupreine and quinine, so that the successive replacement 
of a Jhydrogen atom in quinoline by hydroxyl and methoxyl 
produces an opposite physiological change to that which 
occurs with cinchonine: — 

Quinoline. 

Hydroxy-quinoline. QHgN.OH.. ^ • . 

Methoxy-quinoline. . OC Hy. 

The relative position of the methoxy-group, both in this 
last compound and in quinine, to the nitrogen of the 
quinoline ring, is the same (para), so that there is nothing 
in the orientation of the group to account for the difference 
in its effect on the physiological action of the two mother 
substances, quinoline and cinchonine. Hence, although 
the antipyretic action of quinine is closely associated with 
the presence of the methoxy-group in the contained 
quinoline ring, other portions of the molecule must be 
contributory to this effect. The function of the methoxy- 
quinoline group may be to supply the special atomic 
grouping which is necessary to bring the quinine molecule 
into reaction with the tissues, the specific action of the 
alkaloid being due to other portions of the molecule. 
Although the structure of these other portions is not yet 
decided, there is evidence that they include a 
reduced pyridine ring, which is probably responsible for 
the antipyretic, if not for the specific action gf the 
alkaloid. For it was shown long ago by McKendrick 
and Dewar (1873) that the hydrides of heterocyclic bases 
possess a more powerful physiological effect than the 
simple bases, a fact that has been confirmed by Filehner 
and Otto Fischer, in the studies that led them to the 
preparation of kairine, the first important synthetically 
prepared antipyretic. 

Tetrahydroquinoline^ is more toxic than quinoline, and 
this greater physiological effect is to be largely attributed 
to the presence oftthe NH or imido-group, which physio- 
logically, as well as chemically, is very reactive:— 


1 Cf, Ch«i>. XV. p. 431. 
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Tctrahydroquinoline. 



Quinoline. 


'■iThis reactivity led to the replacement of the hydrogen of 
the imido-group by an alkyl, with the object of giving 
increas'ed stability to the molecule; the resulting methyl 
and ethyl compounds were prepared as antipyretics 
under the name Kdiralvie. Kairine contains an additional 
hydroxyl group which causes the antipyretic effect to take 
place more quickly. Thalline is a third hydroquinoline 
febrifuge, the tetrahydride of paramethoxy-quinoline, the 
reduction product of the quinoline group present in quinine, 
hut which, it is to be remembered, is not hydrogenised in 
the latter. These ‘’three compounds have valuable anti- 
pyretic properties, but they give rise to unpleasant and 
dangerous secondary effects. The hydrochloride of kairine 
was tried in practice for a time and with some success, 
but it proved too unreliable to admit of any extended use. 
The chief interest in these compounds centres in what they 
have taught; meanwhile it is important to note that, 
although antipyretics, none of them possess the specific 
action of quinine against intermittent fevers. Their 
chemical relations are shown in the following formulae: — 



Call*. 

KairoUne (Telrahydro-«-ethyl 
quinoline). 



OH QH*. 

Kairine (Onho-hydroxy-tetrahydro- 
M-ethyl quinoline). 



Thalline ( Para-methoj^j^-tetrahydroquinoline). 


29 
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The djj^covery of the thenapeutic properties of Antipyrine 
has proved to be the most valuable, as well as the first 
outcome of the teaching’s of the earlier synthetically 
prepared febrifuges. Antipyrine was -prepared by Knorr 
in 1884. lie at first regarded it as the derivative of a 
hypothetical base, quinizine, and as such it- bore sufficient 
analogy to the physiologically active quinoline compounds 
described above to suggest the study of its physiological 
action. Subsequent investigations have led Knorr to 
assign to it a different structural formula; it has been 
proved to be a substituted pyrazolon,’ but it was its 
supposed relation to kairine that first led to the examina- 
tion of its physiological effect. These structural relations 
are shown in the following formulae: — 



cri CO 


lie 

HC 



cn., 


CII, 


CH N ^N— CIIj 

Dimethyl oxy-quinizine 
(original formula assigned to aniipyriiu'). 


CH CO\ 

11 >n-c«h, 

C. N 

I I 

CHj CHj 

Phenyl dimethyl iso-pyrazolon (Antipyrine). 


The practical value of antipyrine is too well known to 
require comment. ; Its antipyretic action is nearly free from 
injurious secondary effects; it is rapidly absorbed by the 
system and slowly eliminated, thus standing in marked 

1 Cf. Qhkj^.xv. p. 406. 



PHYSIOLOGICALLY ACTIVE ORGANIC COMPOUNDS. 45I 


contrast to thalline and kairine, since the former^* of these 
is absorbed slowly and eliminated slowly, whilst the latter 
is eliminated rapidly, although slowly absorbed, l.ike 
both these quinotine derivatives, antipyrine does not 
possess the specific action of quinine against malaria. It 
has, however, other therapeutic effects, especially as an 
^nti-neuralgic, which have very greatly contributed to its 
medicinal value. The commercial success that has 
attended- the discovery of the physiological value of anti- 
pyrine has led to the preparation of numerous derivatives 
and allied compoiyids which share its antipyretic action, 
the majority of which, however, do not approach it either 
in general reliability; or utility. In fact only one, a com- 
pound in which a hydrogen atom in antipyrine is replaced 
by the group N(CHg). 2 , is in any way comparable with it in 
this respect. This substance, which has been introduced 
under the name of Pyramidotiy is three times as powerful 
in its action as antipyrine, and possesses the advantage of 
acting more gradually and for a longer time: — 


CH 


>- 


-CO. 


CH/ II V-C«H5 

C N 

1 I 

CH3 CH3 

Dimcthyl-aminO'antipyrinc ( Pyramidon). 


Both in pyramidon and in antipyrine a methyl group is 
attached to a nitrogen atom. This group is essential to 
their physiological effects, for the compound which differs 
from antipyrine only by its absence has no antipyretic action 
whatever. As in the oase of quinine, however, this group 
serves more probably as a point of contact or “anchor” 
with the tissues than as the carrier of the physiological 
effect. The more recent study of the relation of chemical 
structure to physiological action has throughout been to 
show that the influence of specific radicals or groups de- 
pends upon the nature of the molecules with which they 
are associated, rather than upon their intrinsic composition, 
as was formerly thought to be the case. 

The general Chemical character of Metabolic changes : — 
Oxidation^ Reduction^ and Compinattott , — A large number 
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of antipyretics have been prepared, derived from aniline 
and from other aromatic bases, of which phenacetine and 
acetanilide (antifebrine) are the best known. 

The study of the changes that aniline and its derivatives 
undergo in their passage through the system has played 
an important part in the recognition of the therapeutic 
value of these compounds, and it will be useful, as 
preliminary, tb consider the general chemical nature of 
such metabolic changes. ^ • . 

The chemical changes that take place in the animal 
body, as far as the normal constituents of food are con- 
cerned, result essentially in the formation of the typical 
oxidation products — carbon dioxide, water and urea.^ 
When drugs, which are to be regarded as abnormal or 
foreign constituents of the animal economy, are introduced 
into the system, the general function of these same chemical 
processes is to convert them into non-poisonous or less 
poisonous products, a change which is effected either by 
oxidation, by reduction, or by chemical combination. 

Amongst oxidation products formed during the passage 
of such foreign substances through the body, acids and 
hydroxylic compounds are the most important. Thus, 
methyl alcohol and its esters yield formic acid, benzalde- 
hyde, benzoic acid ; in other cases more complete oxidation 
results, as is shown by the conversion of oxalic acid into 
carbon dioxide and water, and of homologues of acetamide 
into urea. Aromatic compounds are, as would be ex* 
pected, more stable towards the oxidation changes of the 
system than aliphatic substances. In a few instances com- 
plete oxidation occurs; the more interesting changes are 
those which result in the introduction of an hydroxy group. 
Benzene is oxidised to phenol, and aniline is partially 
converted into para-aminophenol ; this introduction of k 
hydroxy-group in the para-position is characteristic of the 
change undergone by many other aromatic compounds 

, /OH (1) 

CeHs-NH, -V C«h/ . 

* (4) 

Aniline, I'ara-aminophenol. 


^ X. p. 2 i8. 
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Reduction processes are less common, but a number of 
examples of this change are known. Chloral hydrate is 
partially eliminated as trichlorethyl alcohol, and the nitro- 
group in some aromatic compounds is reduced to the 
amino-group. 

^ CCI3.CHO CCI3.CH2OH. 

Chloral. Trichlorethyl alcohoL 

• 

Such oxidation and reduction processes are generally 
followed by chemical combination. The chief combinations 
are those with sulphuric acid, glycocoll, glycuronic acid, 
the acetyl group and sulphur. 

Phenol, and the dihydroxy-derivatives of benzene and 
their homologues, when taken internally, are eliminated in 
combination with sulphuric acid, derived from the oxida- 
tion of the sulphur contained in the albumin, as ethereal 
salts; phenol, for instance, as the sodium salt of phenyl 
sulphuric ester. The solubility of such salts aids their 
elimination in the urine, but the more important point is 
that they are not poisonous; a dose of 30 grjuns of the 
sodium salt of phenyl sulphuric ester is without any toxic 
action. 

,ONa 

CflHs.OH. so/ 

\OCeHs. 

Phenol. Phenyl sulphuric ester (sodium salt). 

• Glycocoll or amiiio-acetic acid, which occurs in the body 
in combination with certain bile acids and which is a 
characteristic decompoi^tion product of proteins, combines 
ttot only with benzoic acld,^ but also with its homologues, 
substitution products and such substances as are con- 
vei^ed into any of these by the oxidation processes of 
metabolism; the products of combination are eliminated 
as complex acids or their salts, of which hippuric acid 
(benzoyl glycocoll) is the simplest example. This com- 
bination also results in the formation^ of compounds of 
decreased toxicity; — 


^ Chap. X. p. 219. 
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GHj-NHo 

I +aHs.COOH. 

COOH. 

Amino^acetic acid Benzoic acid. 
'(Glycocoll). 


CHj.NH.COCoHs. 

I +H,0 

COOH 

Hippuric acid 
(Benzoyl glycocoll). 


Similarly, salicylic acid is eliminated as salicyluric aci^ 
(salicylyl-glycocoll) : — 


/OH (1) 
Cr,H/ 

^COOH (2) 

Salicylic acid. 


CH2.NH.CO.CX.bH 


COOH. 


Salicyluric acid (Salicylyl glycocoll). 


It is of interest to note, however, that when the acid 
radical of aromatic compounds is converted into the 
corresponding amide or ethereal salt the elimination takes 
place in combination with sulphuric acid and not with 
glycocoll; this has been shown to be the case when 
salicylamide or methyl salicylate (gaultheria oil) is ad- 
ministered. 

Glycuronic acid is a metabolic product of considerable 
physiological importance. Chemically it is closely allied 
to the sugars, being the aldehyde of one of the saccharic 
acids, 1 from which it can be obtained by reduction. 

C00H.(CH.0H)4.C00H. C00H.(CH.0H)4.CH0. 

Saccharic acid. Glycuronic acid. 

Combination with this acid, with the formation ofxomplex 
glucoside-like compounds, occurs after the administration 
of such compounds as aliphatic aldehydes, alcohols and 
ketones, of aromatic hydrocarbons, nitrobenzene, camphor 
and morphine. Amongst the aldehydes, chloral and butyl- 
chloral are included, and the elimination of glycurqj^nic 
acid in the urine is also a characteristic of chloroform 
narcosis. Further, many phenols, after combination with 
sulphuric acid, combine further with glycuronic acid before 
being eliminated. 

The formation of acetyl derivatives in the body is a 
comparatively rare occurrence, but great interest attaches 

^ Cf. Chap. xiii. p. 338. 
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to the change since the introduction of an acetyl group is 
one of the most frequent methods adopted to decrease the 
toxicity of drugs. As an example of this change, the result 
of the administration of meta- or para-nitrobenzaldehyde 
may be cited acetyl-amino-benzoic acid is formed, so that 
the metabolic changes include the oxidation of the alde- 
Vyde group to carboxyl, the reduction of the nitro- to 
the amino-group, and the subsequent acetylation of the 
latter :-r-* . 


C«H, 


/ 


NO, 

CHO 


C,H 


/NO, 

'\cooii 


Nitrobenzaldehyde 
[1:3 or 1:4]. 


Nilrohenzoic acid. 




‘\ 


.NH, 

COOH 




.NH.C0CH3 

COOH. 


Aminobenzoic acid. 


Acelyl-aminobenzoic acid 
[I : 3 or I : 4]. 


An important decrease in toxicity accompanies the com- 
bination of certain cyanogen compounds with sulphur, a 
change that takes place in the body after the administra- 
tion of acetonitrile and of its more poisonous homologues, 
the nitriles of propionic and butyric acid. The CN group 
is converted into the thiocyanogen group, CNS. Some 
such combination may be tlie basis of the interesting 
action which sodium thiosulphate exerts as an antidote to 
cyanogen and other double or di-nitriles of the oxalic 
series of acids/^ 

In addition to these metabolic processes, specific chemical 
tchanges may be effected as compounds pass through the 
body, by the substances with which they come into contact. 
T^e most important of these occur in the stomach and in 
the duodenum. The gastric juice of the stomach consists 
essentially of a saline solution of pepsin containing a little 
(0,2 per cent.) free hydrochloric acid. This free acid can 
act as a solvent for bases, and has the power of decom- 
posing certain acetyl compounds, such as lactophenine ; 

^ Cf, R. Cohn, Z, physiology ChetH,^ 1892, xvii. 274. 

^ Cfy Heymans and Masoin, Archives (U Pharmacodynamic^ 1896, iii. 77. 
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but it is not capable of effecting the hydrolysis of ethereal 
salts, so that the latter can be carried through the stomach 
unchanged into the intestine, a fact that has been taken 
advantage of in the preparation of such drugs as salol and 
bismuth and tannic acid compounds. Pepsin has little 
action upon drugs, but its functions may be affected by 
their introduction. The work of the pancreatic secretion 
in the duodenum stands in marked contrast to that of 
the gastric juice. The pancreatic juice is alkaline, its 
alkalinity, which is chiefly due to carbonate and phosphate 
of sodium, being equivalent to a 0.5 per cent, sodium 
carbonate solution; the other constituents include im- 
portant ferments and the chlorides of sodium and 
potassium. The ferments, aided by the alkalinity of the 
secretion, are capable of decomposing ethereal salts; 
acids resulting from this decomposition are dissolved as 
salts, whilst the other constituents of the esters are 
separated in a soluble or insoluble form according to their 
nature. Such knowledge of the chemical action of the 
digestive juices has been of great value in localising the 
action of synthetically prepared drugs. 

Antipyretics derived from Aniline, — Passing from these 
general considerations to the antipyretics derived from 
aniline y the base itself, as well as its salts, has marked 
antipyretic properties. They are, however, powerful 
poisons, being very readily absorbed by the system, 
and they decompose the haemoglobin of the blood. 
By the substitution of a hydrogen atom of the amino** 
group, in bases, by an acid radical their toxicity is de- 
creased, a fact which, as already stated, standstill an* 
interesting relation to the discovery that certain organic 
compounds are eliminated from the system in combination 
with such groups. Acetanilide^ the acetyl derivative of« 
aniline,^ is an example of this change in physiological 
properties; like aniline, it is an antipyretic, and being 
much less poisonous, it is admissible for therapeutic 
purposes, in addition to acting as a febrifuge, it pos- 
sesses an anti-neuralgic action, and under the name ot 
antifebrinc is now l^irgely used, despite the -fact that like 
aniline itself it can give rise to bad secondary symptoms. 
The acetyl group is oxidised during the passage of the 
^ Cf, Chap. xi. p. 239. 
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drug through the system, so that its action may be re- 
garded as that of a protracted aniline effect. 

The physiological change produced by the introduction 
of a methyl group into acetanilide varies with the position 
it occupies. If a hydrogen atom in the benzene ring be 
substituted so as to form the acetyl derivative of tolui- 
the meta-compound is the only one of the three 
position-isomers that preserves the antipyretic action of 
acetanilide; on the other hand, by substituting the 
hydrogen of the NH or imido-group, a compound is 
formed which, whilst its antifebrile action is much weaker 
than that of acetanilide, has a more marked analgesic or 
pain-relieving effect. Under the name of Exalgim it is 
employed as an analgesic, but care is required in its use, 
since it has been shown that it may produce bad secondary 
symptoms. The relations of these compounds are shown 
in the following formulai: — 

CoHj.NHg. „ „ Meta-acet- 

Anilinc. « '^NH.COCHs (3) 

C^Hj.NH.COCHj. Q jj Methyl-acetanilide. 

Acetanilide. (Antifebrine.) ® ^COCH (Exalgine.) 

With the object of preparing drugs w^hich, while of less 
toxicity than these simpler derivatives, of aniline, should 
yet possess their antipyretic and anti-neuralgic properties, 
advantage has been taken of the observation that aniline, in 
its passage through the system, is partially converted into 
para-aminophenoL This compound is far less poisonous 
than aniline, a fact which is consistent with the general 
‘conditions of elimination of poisons; it is a powerful anti- 
pyretic but still retains, to some extent, the decomposing 
aotion of aniline upon hasmoglobin. The presence of an 
hydroxyl as well as of an amino-group in para-amino- 
phcnol allows of the preparation of numerous derivatives 
by the replacement of one or more hydrogen atoms by an 
alkyl or acid radical. There has been no lack of attempts 
to improve the therapeutic value of p^ra-aminophenol by 
such substitutions ; the derived products owe their action 
essentially to the contained aminophenol grouping, and it 
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is characteristic of them all that they are eliminated in the 
urine as aminophenol or as its acetyl derivative, a change 
which IS of value as a means of recognising an antipyretic 
or analgesic action in compounds derived either from 
aniline or from para-aminophenol. 

The acetyl -derivative of para-aminophenol or hydroxy- 
acetanilide is less poisonous than aminophenol itself, 
still too toxic for medicinal purposes. By the replace- 
ment of the hydrogen of the hydroxyl group by methyl the 
toxicity is decreased whilst the antipyretic and anti- 
neuralgic effects are increased; the ethyl homologue, 
Phenacetine^ is still less poisonous, the antipyretic action 
is retained and the narcotic effect increased. Higher 
alkyls, such as propyl and amyl, decrease the antipyretic 
action. On the other hand, when the hydrogen of the 
imido-group is replaced by ethyl the antipyretic and 
narcotic effects, as well as the toxicity, are practically 
annulled, nor is any aminophenol eliminated when this 
derivative is administered. The physiological action of 
these compounds is, therefore, clearly connected with the 
presence of the NH.COCH;, group, associated with a 
benzene ring substituted by hydroxyl in the para-position. 
These relations are shown in the following table: — 


No. 

Formula. 

Nomenclature. 

1 

Toxicity. 

Antipyretic 

action. 

I 

/OH 

c«h/ 

\nh.^ 

1 :4 Aminophenol. 

1 

1 

Toxic. 

Marked. 

2 

/OH 

CoH/ 

\NII.COCH3 

1:4 Acetyl- ! 
! aminophenol. j 

! 

Much less 
than I. 

Similar 
to I. 

1 

3 

/OCHs 

j 1:4 Methoxy- 
' acetyl-amino- 
benzene. 
[^Methacetine,) 

\ 

Less than 
2. 

(jre.'itesl. 

4 

^*^^*\nII.COCH3. 

j 1:4 Ethoxy- 
1 acetyl-amino- 
1 benzene, 

i \Pkmacttine.) 

Least. 

Less than 
3* 
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Na 

Formula. 

Nomenclature. 

Toxicity- 

Antipyretic 

action. 

1 

s 

/OC3II7 j 

CJl/ 

^NlI.COCHg. 

1 : 4 Propio-oxy- 
acetyl'amino' 
benzene. 

Greater 
than 2 & 3. 

Less than 
4- 

6 

.OH 

^COCHg 

1 : 4 Ethyl-acetyl- 
aminophenol. 

Nil. 

Nil. 




Similar studies have been made on the effect of replacing 
the hydrogen of the H.COCH3 group by alkyls, when that 
of the hydroxyl' group is replaced by ethyl. Of these alkyl 
derivatives the methyl and ethyl compounds have the 
greatest antipyretic action, whilst the ethyl compound is the 
least poisonous. It is interesting to note that this sub- 
stitution by ethyl does not annul the antipyretic properties 
as it does when the hydrogen of the hydroxyl is not 
replaced. 


/OC.H5 

C.H/ 

\C0CH„. 


Ethyl-phenacetine. 

(Antipyretic.) 


.OH. 


C«h/ /C,Hs 

\n< 

N:ocHi 


Ethyl-acclyl-aminophenol. 
(No antipyretic action.) 


The outcome of these investigations has led to the 
recognition of phenacetine as the best antipyretic of this 
•group. Both as a febrifuge and as a narcotic it is reliable 
and its very slight toxicity is much in its favour. One 
objection to Its use is that it is only sparingly soluble. To 
overcome this defect other derivatives of para-aminophenol 
have been prepared, amongst which lactophenine and 
phenocoll deserve notice. 

Lactophenine is a phenacetine in which the acetyl group 
is replaced by the radical of lactic acid, CO.CHOH.CH3. 
It is more soluble than phenacetine, but the lactyl group 
is more easily separated by dilute acids than the acetyl 
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group, with the result that lactophenine is liable to under- 
go decomposition by the hydrochloric acid of the gastric 
juice , in its passage through the stomach, giving rise 
to the formation of ethoxy-amino-benzene which has a 
pojsonous effect. Phetiocoll is amino-phenacetine, the 
amino-group being introduced into the acetyl radical ; it 
forms readily soluble salts, and acts as an antiseptic in 
addition to being a febrifuge. Its antifebrile action is 
however too transient for therapeutic use, a fact which 
appears to be due to its rapid elimination by the kidneys. 


* ^^NH.CO.CHOH.CIL, 


1 : 4 Ethoxy-lactyl-amino- benzene. 
(Lactophenine.) 


C,H 


yOCjHs 


I : 4 Kthoxy-aminoacetybaniino- 
benzene. (Phenocoll.) 


Many derivatives of diamino-benzencs and of phenyl 
hydrazine have been prepared on similar lines to the 
aminophenol compounds, with the object of obtaining 
antipyretics more soluble than phenacetine. No special 
interest attaches to the physiological properties of these 
compounds, nor have any of them proved to be of thera- 
peutic value ; they are stronger bases than the aminophenol 
derivatives, and this increased basicity is accompanied by 
an increase in their antipyretic effect, but also by increased 
toxicity. 

2. Narcotics. 


Hypnotics and Ancosthetics. The Alcohols , — Narcotics 
are substances which have the power of acting upon the 
nerve centres ; they include anaesthetics and hypnotics. 
The aliphatic hydrocarbons have a narcotic action, and' 
amongst their simpler derivatives a similarity in physi- 
ological properties is found to run side by side wifiCi 
an analogous structure. The primary aliphatic alcohols 
all have a toxic action, and their narcotic effects are 
greater than those of the corresponding hydrocarbons. 
Their chief action consists in paralysing the nerve 
centres, and this ellfect increases in intensity with an 
increase in the molecular weight of the alcohol until the 
solid alcohols are approached when, owing to their 
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insolubility and consequent too sparing absorption by the 
system, they cease to have any physiological eflFect. 

Narcotics act upon the most highly organised nerve 
centres first, whilst the most simple and at the same time 
most automatic and stable centres are alTccted last. The 
order in which these nerve centres arc rendered inactive 
differs amongst the various derivatives of the aliphatic 
hydrocarbons. Some induce sleep as the first result of 
their action, which only passes into anasthesia when large 
doses are ‘employed. Such substances are valuable as 
hypnotics ; their action is weak but prolonged. Others 
act rapidly and mdre energetically, so that provided they 
are quickly eliminated and cease to act very shortly after 
being administered, they fulfil the conditions required by a 
good anaisthetic. Consequently, compounds of low mole- 
cular weight and high volatility are included in the latter 
group, whilst the former comprises substances having a 
relatively high molecular weight, and which are only slowly 
absorbed. This is illustrated in the hypnotic action of 
tertiary amyl alcohol, Amylene hydrate ; it boils at 102*. 5, 
and in doses of 2 grams produces sleep lasting from eight 
to nine hours. It passes through the system just as ethyl 
alcohol does, being converted into carbon dioxide and 
water. Its more prolonged action is to be traced to this 
decreased volatility and solubility ; its hypnotic effect is 
also dependent upon the presence of the ethyl group since 
the corresponding methyl compound, tertiary butyl alcohol, 
is a far weaker hypnotic : — 

CH3\ 

CH3->C— OH. 

qhV 

p ' Tertiary amyl alcohol. 

(Amylene hydrate.) 

% Halogen Compounds , — The halogen substitution products 
of the lower aliphatic hydrocarbons are characteristic 
anaesthetics, the well-known properties of Chloroform 
being shared by methyl chloride, methylene dichloride, and 
carbon tetrachloride. This narcotic effect is due to the 
introduction of the halogen ; it increa*^es \vith the number 
of chlorine atoms present, but the toxic effect also increases 
similarly. The volatility of methyl chloride has restricted 


CH3\ 

OH 

CH3/ 

Tertiary butyl alcohol. 
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its use to that of a local anaesthetic ; both methylene 
dichloride and carbon tetrachloride have been suggested as 
substitutes for chloroform, but they are less reliable than 
the latter. 

CH,C1. CllyCl,. CHC1..J. CCI 4 . 

Methyl chloride. Methylene Chloroform. Carl)on 

dichloridc. tetrachloride. ^ 

The bromine derivatives of methane and its hornologues 
also act as narcotics, and the use of ethylerie dibromide 
(C2H4Brjj) as an hypnotic and anti-epileptic has been sug- 
gested from the standpoint that the chronic poisoning 
effects that occur when potassium bromide is employed 
are due to the metal, and that this would be obviated by 
introducing the bromine in combination with a hydro- 
carbon residue, which would be oxidised in its passage 
through the body. Numerous other aliphatic bromine 
compounds have been prepared with this object in view ; 
they all depend for their action on the liberation of 
bromine or of hydrobromic acid that takes place as they 
pass through the system, but this decomposition is too 
slow for them to compare with the inorganic bromides 
in their therapeutic value. The halogen derivatives of the 
aromatic hydrocarbons have no hypnotic properties. 

Aldehydes. — The oxidation products of the alcohols, 
the aldehydeSy preserve the narcotic power of the former, 
but they exercise an objectionable irritant action on the 
mucous membrane, especially in the case of the lower 
members. FormaldehydCy the lowest member of the 
group, presents, consistently with its chemical behaviour, 
some marked differences from its higher hornologues. It 
is a powerful antiseptic and possesses the property of 
hardening the tissues ; both aa a preservative and as ail^ 
antiseptic it is largely used, usually in a 4 per cent, 
aqueous solution, under the name of formalin, « 

Acetaldehyde y CH 3 .CHO, which contains an alkyl as well 
as an aldehyde group, acts as an hypnotic ; its polymeric 
modification, paraldehydcy (CH3.CHO)3, is considerably 
less irritant in its action than the simpler molecule, but it 
has the disadvantage of possessing an unpleasant smell 
which' it imparts to the breath and which is peculiarly 
adherent. 



PHYSIOLOGICALLY ACTIVE ORGANIC COMPOUNDS. 463 

By substituting the hydrogen atoms of the methyl 
radical in acetaldehyde by chlorine the narcotic effect is 
much increased ; the trichlor-substitution product Chloral 
hydrate^ CCI^.CHO.HgO, is a valuable and widely used 
hypnotic. Liebreich (1868) was led to the investigation 
of the physiological action of this compound from the 
C9nsideration of its decomposition products by means of 
alkali. Chloroform and sodium formate result, even with 
very dilute alkaline solutions ; chloral is readily absorbed 
by the systehi, and since, when absorbed, it enters the blood, 
which has an alkaline reaction, Liebreich expected it to be 
decomposed there into physiologically active chloroform 
and practically innocuous sodium formate, in accordance 
with the equation : — 

CCl3.CHO.H2O + NaOH = CHCI3 + H.COONa + H.p. 

The utility of chloral hydrate as an hypnotic has been 
fully established, but the action is dependent upon the 
compound itself and not upon the formation of chloroform, 
as suggested by Liebreich’s hypothesis. As previously 
stated, chloral hydrate is reduced to trichlorethyl alcohol, 
CClg.CHgOH, in the system; there is no decomposition 
into chloroform and sodium formate, and the trichlorethyl 
alcohol is finally eliminated in combination with glycuronic 
acid as a complex compound urochloralic acid, CgHj^CljOy. 
Further, it may be stated that trichloracetic acid, which 
also yields chloroform when treated with alkali, has no 
hypnotic action, whilst the above reduction product of 
chloral hydrate is itself an hypnotic, although much less 
powerful than chloral. The physiological action of this 
drug is therefore direct, and is to be attributed to the 
combined* influence of the aldehyde group and the con- 
fained chlorine. 

Whilst the introduction of chlorine into aliphatic com- 
pdlinds increases their narcotic effect, it is always accom- 
panied by increased toxicity and by objectionable secondary 
effects upon the heart. This generality applies to chloral 
hydrate ; it has a depressing action upon the heart and 
its application, therefore, becomes dangerous in cases of 
cardiac feebleness. Several attempts have been made to 

^ Cf, Chap. viii. p. 1^4. 
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improve upon chloral hydrate in this respect, by the 
introduction of certain radicals into this or analogcous 
molecules, which should counteract the depressant action 
of the halogen atoms ; the suggestions are interesting, 
b;[it they have not led to the displacement of chloral 
hydrate as the most valuable of this group of hypnotics. 
The fact that ammonia has a stimulating action on Ijie 
heart led Schmiedeberg {1885) to the preparation of 
Urethane^ and the same idea has been followed in the 
case of choral-formamide or Chloralamide ; iii both these 
compounds an amind-radical is present and as far as their 
cardiac action is concerned they may be said to possess 
the therapeutic properties indicated by theory. Urethane 
is a derivative of monoethyl carbonate in which an hydroxyl 
group is replaced by the amino-radical, ; it is a much 
weaker hypnotic than chloral hydrate, and has a slightly 
stimulating, instead of a depressant action. Chloral- 
formamide is derived from chloral hydrate by the replace- 
ment of one of the hydroxyl groups by NHg, one hydrogen 
atom of the latter being further substituted by the radical 
of formic acid, CHO ; it is also a weaker hypnotic than 
chloral and possesses certain secondary properties of a 
disadvantageous character, of which the lowering of the 
body temperature is the most marked. Further, it is 
eliminated in the urine as urochloralic acid, the same 
product that is formed from chloral, so that its action is 
probably due to a gradual decomposition into chloral 
during its passage through the body* 

yOCM, /OH 

CO< CCl8.CH< 

\nh2. \nh.cho. 

Urethane. Chloral<formamide (Chloralimide). ' « 

The hypnotic effect of urethane is essentially to be 

attributed to the presence of the ethoxy-group (OCgHj), 
so that its action is to be compared rather with that of 
the alcohols than with that of the aldehydes. The 

physiological properties of its homologues,and derivatives 
have been studied 4 )y Binet (18^), who has shown that the 
hypnotic effect increases with An increase in the molecular 
weight of the alkyl radical, amongst the lower members, 
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and that by replacing a hydrogen atom in the amino-group 
by acetyl, the physiological action is preserved whilst the 
toxic power is lessened. Amongst the homologues of 
urethane a substance known as Hedonal^ in which the 
ethyl group is replaced by a methyl-propyl-carbinol radical, 
acts similarly to urethane but is a more powerful narcotic. 

yO.CH 
COC 

Secoivclary amyl urethane (Iledonal). 

The Ketones^ chemically so closely allied to the aldehydes, 
have also a narcotic action. The effect of the individual 
members of the* group is to some extent dependent upon 
their molecular weight, but it is chiefly conditioned by the 
nature of the contained hydrocarbon radicals. The ethyl 
radical has the most marked effect ; aryl radicals have 
little influence. Acetone or dimethyl ketone causes 
symptoms of intoxication, diethyl ketone acts as an 
hypnotic, benzophenone has considerably less narcotic 
effect than the aliphatic ketones, whilst the mixed ketone, 
acetophenone, has a stronger action and was suggested for 
use as a hypnotic under the name of Hypnone, None of 
these simpler ketones have, however, proved to be of any 
therapeutic value. 


CH3. 

Xo. 

Cll/ 

Dimethyl kcttjnc 
tAcelone). 

>CO 

c«h/ 

Diphenyl ketone 

fDnzo 



>co. 

CH3/ 

Methyl-phenyl ketone 

Diethyl ketone. 

(Acetophenone or 

lI)^none). 


Amongst the hypnotics derived from ketones the 
Sulphanal group is the most important. A very complete 
series of investigations have been made by Baumann and 
Kast^ on the physiological action of these compounds. 
They are derived from the aliphatic ketones by the action 
of mercaptans, the sulphuf|analogues 5f the alcohols, the 
products formed, which are called “ mercaptols,*' being 

Z. pkyiiolog, 1889, xiv. 52. 


yCH, 


30 
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subsequently oxidised. Sulphonal itself is thus prepared 
from acetone and ethyl mercaptan : — 

CHj. HS.QHj CH.,\ /SCoHs 

*>co+ i * * = . ’Nc/ + H,0. 

CH/ HSCgHs CH/ ^SCgHs 

Acetone. Ethyl mercaptan. Dimethyldicthyl niercaptol. 

On oxidation ; — 

CH,. xSOAH, , - 

CH,/ \SOAH,. 

Dicthylsulphone dimethylmethane (Sulphonal). 

The oxidation, it will be seen, converts the S.C2H5 group 
into the sulphone group, SOg.CgHs. 

Sulphonal is recognised as a safe drug for inducing 
sleep, free from marked contra-indications and reliable in 
its action, except in respect to the time required for its 
effect to be produced which shows considerable individual 
variations. This last factor may be attributed to its being 
only slightly soluble and consequently slowly absorbed by 
the system. 

The ^ physiological effect of sulphonal is to be traced 
primarily to the ethyl groups present, and it is immaterial 
whether these are in combination with the sulphur atom or 
with the methane carbon of the molecule, for sulphonal and 
“ reversed sulphonal” act similarly. 

(CH,), : C ; (SO^CsH,),. (C^H,), : C : (SO,CH,),. 

Diethyl sulphone dimethylmethane Dimethyl sulphone diethyl methane 
(Sulphonal). (Reversed sulphonal). 

The sulphone with four methyl groups is quite inactive, 
whilst the triethyl- and tetra-ethyl- sulphones are mo^c 
powerful narcotics than sulphonal. 


C H 

(^^3)2 • C • (S^2CH8)2 \c : (S02C2H5)jj. 

CH 8 

Dimethyl sulphone Diethyl sulphone methylethyl methane 

dimethylmethane. (Trional). 
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Trumaly which is more soluble than sulphonal, acts more 
rapidly ; tetrmal is very difficultly soluble, but is the most 
powerful of these sulphone hypnotics. 

The above examples show the association of the ethyl 
radical with the hypnotic effect of this group of compounds, 
but the action is also conditioned by the presence of the 
3O2 group in combination with a methane carbon atom, 
which is itself linked to one or two alkyl radicals. This 
statement {s illustrated in the following table: — 


No. 

Formula. 

Nomenclaliire. | 

Hypnotic Action. 

1 

SOa^CJIj),. 

Diethylsul phone. 1 

Nil. 

2 

C H2( SO12C21 15)2 

Methylene 

diethylsulphone. 

Nil. 

3 

(CH8),:C!(SC,H,)„ 

Dimethyl-diethyl 

niercaptol. 

Nil. 

4 

(CUa).i:C:(SO,CH,)8 

Dimethylsulphone 

dimethylmethane. 

Nil. 

5 

>C!(SOaCII,)^ 

Dimethylsulphone 
ethyl methane. 

Slight. 

.t 

(C,It,),:C:(SO,CH,), 

“ Reversed ” sulphonal. 

Marked. 

.7 

(CHj)g:C;(SOa.C2H5)2 

Sulphonal. 

Marked. 

8 

CH,. 

>C:(S0An,), 

C,h/ 

Trional. 

• 

'jf- — 

Greater than 7. 

9 

(C,H,),:Ci(SO,C,H,), 

Tetrosal. 

Greater than 8. 
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Only those substances (Nos. 5, 6, 7, 8, 9) which contain 
the group : — 

r/ \sO,R' 

in which R and R' are alkyl radicals, and at least one oV 
them an ethyl radical, are hypnotics; if one R group be 
replaced by hydrogen, a slight hypnotic effect is ‘preserved. 
Or, the relations may be compared with the chromogen and 
chromophore groups of the organic dyes: — 

Hypnolic group. 


Hv /SO,>H 

Mother substance. 

h/ \SO2H, 

Rv ySOgR' 

Hypnotic (in which R or R' must be C2H5). 

R/ \SO2R'. 

It is interesting to compare this marked influence of the 
ethyl group with that which obtains amongst other drugs. 
The characteristic action of the cupreine homologues is 
preserved irrespective of whether the substituting group is 
methyl or ethyl, and the same is the case in kind,’ though' 
not in degree, with drugs of the antipyrine, aniline, and 
aminophenol groups, thus again showing that the specifl^ 
influences of radicals is dependent upon the groups with 
which they are associated. 

The study of the physiological action of a series bf 
compounds of different chemical character to any of the 
narcotics described above led Emil Fischer and J. von 
Mering (1903) to the discovery of a valuable hypnotic in a 
urea derivative knoivn as VeronaU This substance belongs 
to the group of the ureides, th^ condensation products of 
urea with acids, and which contain a heti^rocyclic ring, 
consisting of the urea residue in combination with an acid 


\c/ 

\so 
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radical; it is the diethyl derivative of malonyl urea or 
barbituric acid^: — 


CO^NHv 


H,C<( 

\co— 


\co 

CO— NH/ 
Malonyl urea. 


CIL. /CO-- NH 
\C 0 — NH 

Diethyl- m. 'I lonyl urea (Veronal). 


^CO 


Inasmuch, as it contains the residue of a urea molecule it 
bears some analogy to the hypnotics urethane and hedonal, 
whilst it resembles amylene hydrate and sulphonal in con- 
taining a central carbon atom attached to two alkyl groups 
and to two other stable radicals. These relations served 
Fischer and von Mering as a guide to the nature of the 
groups which they might expect to be of hypnotic value in 
a series of compounds. They according-ly prepared a 
number of closely related substances which allowed of a 
systematic comparison of the relative physiological effect 
of different hydrocarbon radicals and of open- and closed- 
chain derivatives of urea. This comparison has brought 
out many points of interest both in regard to the nature 
and power of the physiologically active groups. 

A number of the substances examined are given in the 
following table, together with some data as to the rapidity 
and duration of their action as ascertained in experiments 
with dogs ; the body weight of the animals was about the 
same in most of the experiments, so that the figures may 
be regarded as approximately comparative. , 

Contrasting the structure of veronal (No. 9) with that 
’ of the other compounds that precede it in the table, the 
influence of the two ethyl groups in combination with a 
^lirea residue is very marked. Neither the acid (No. i) 
nor the amide (No. 2) have any hypnotic effect; each 
contains two ethyl radicals but no urea residue. It 
should be added that the carboxyl group characteristically 
inhibits physiological effects. Diethylacetyl urea (No. 3) 
contains the ethyl groups and a urea residue, and its 
action is definite though less prolonged than that of 
veronal, whilst the replacement of ks hydrogen by car- 
boxyl (No. 4) suffices to stay the hypnotic power altogether. 


^ C/*. Chap. ix. p. 178. 




Mono-ethyl-malonyl urea. 
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This illustrates well the marked effect of the carboxyl 
group, for this substance consists of a veronal ring broken 
by the addition of a molecule of water. The substitution 
of the two ethyl radicals by methyl (No. 5) eliminates the 
effect of the molecule, as in the case of sulphonal; the 
action is definite with one methyl and one ethyl radical 
(No. 6), but is again stopped when only one ethyl group is 
present (No. 7). This last fact is of considerable interest 
since it shows that the methyl radical when associated 
with ethyl has a contributory effect not possessed "by the 
light hydrogen atom, although two methyl groups lead 
to an inactive compound; the methyl-propyl compound 
(No. 8) illustrates this same function of the methyl group. 
The remaining substances show the influence of the higher 
homologues of the ethyl radical ; the hypnotic effect is 
Increased by the propyl group (Nos. 10 and ii), but falls 
away with the heavier radicals isobutyl (No. 12) and iso- 
amyl (No. 13). The dibenzyl compound (No. 14) is in- 
active, but this is probably on account of its sparing 
solubility. 

The hypnotic power of diethylacetyl urea (No. 3) ap- 
proaches that of sulphonal, whilst dipropylmalonyl urea 
(No. ii) is approximately four times more powerful; the 
latter causes, however, at times a prolonged after-effect, 
and as veronal stands midway between these two com- 
pounds in its action it was selected as the most suitable 
substance of the group for therapeutic use. Veronal 
possesses a slightly bitter taste and is fairly soluble in 
water (1:145). 

Subsequent investigations by Fischer and von Mering ‘ 
(1905) have shown that the dipropyl-compound possesses 
advantages over veronal for some forms of insomnia, and, 
it has since been introduced for therapeutic use under the^ 
name of ProponaL 

Local Anaesthetics ^ — The structure of the valuable local 
anaesthetic Cocaine having been established^ some in- 
teresting points of comparison are available in respect to 
its physiological action. The alkaloid is obtained from 
the leaves of the coca plant {Erythroxylon coca)^ in which 
it is associated witK several closely related compounds. 


* WillsUltter and Dode, Berichte^ 1901, xxxiv. 1457. 
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It consists of a complex double ring, containing one 
nitrogen atom, and in which a benzoyl and a .methyl 
radical arc attached ; the former replaces the hydrogen of 
an hydroxyl group, the latter that of a carboxyl group. 
These may be Fcmoved by the action of alkali, when a 
compound called eegonine is formed,. into which the benzoyl 
atid methyl groups can be successively introduced to form 
benzoyl eegonine and then cocaine respectively. The 
relation of this base to benzoyl eegonine and to eegonine 
is shown in* the following formulas: — 


/COOH 

Eegonine. 

/COOH 

O.COQH,. 

hcnzoyl eegonine. 

/COOCH., 

\o.coc,,H5. 

Cocaine. 

Neither eegonine nor benzoyl eegonine possess the local 
ansEsthetic action of cocaine; nor has eegonine methylester 
any anaesthetic effect. 

/COOCH.. 

Eegonine methylester. 


• The physiological action of cocaine is, however, not 
particularly associated with the presence of the methyl 
rijidical, because if the hydrogen of the carboxyl group in 
tfenzoyl eegonine be replaced by ethyl or higher homo- 
logues, the anaesthetic effect is preserved. The benzoyl 
gfoup, on the other hand, cannot be replaced by other 
radicals, either aryl or alkyl, without practically destroying 
the specific therapeutic action of cocaine, although benzoyl 
eegonine is itself inactive. The toxicity and general 
physiological effect of drugs is always diminished by the 
presence of a free carboxyl group, as pointed out in con- 
nection with veronal, and the absence of any anmsthetic 
action in benzoyl eegonine is to be attributed to this fact; 
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the action appears as soon as the acid group is converted 
into an alkyl ester. The ansesthetic properties of cocaine 
are consequently to be attributed to the ecgoniiie radical, 
in combination with the benzoyl group, with the free car- 
boxyl group protected by an alkyl radical. It is probable 
{hat the alkyl group renders the initial absorption of the 
substance by the cell possible, that it serves as tbe 
“ anchor,” as with the methyl group in antipyrine, pyra- 
midon, and quinine, and that the benzoyl ecgonine, as 
liberated from its ester, possibly as a result of dissociation, 
is the actual active principle of the drug. Similarly to the 
relations traced out in the case of sulphonal, ecgonine is the 
anaesthetic group, benzoyl ecgonine the mother substance 
of the drug, the esters of which are local anaesthetics. 

This relation has led to the search for local anaesthetics 
amongst other analogous heterocylic compounds and 
with some success, although no further special relations of 
structure to physiological action have been traced. Tropa- 
cocaine and Eucaine are the most valuable local anaes- 
thetics that have been studied these considerations. 
The former is chemically closely related to cocaine, the 
latter is derived from a complex condensation product of 
acetone and ammonia ; both are less toxic than cocaine. 

3. ANTISEPTICS. 

Phenol and its Homolognes . — Organic compounds having 
antiseptic properties are found chiefly in the aromatic 
group, and especially amongst those members of the group 
which contain the hydroxyl radical. Phenol^ as is well 
known, is a most valuable and powerful antiseptic ; it is also 
an irritant poison. The Cresols^ the homologues of phenol, 
are less poisonous, and at the same time their antiseptic 
action is stronger. Their physiological effect difl^ers 
according to the position of the substituting groups; 
meta-cresol has the most marked antiseptic effect, whilst 
the ortho-compound is less toxic than para-cresol. The 
slight solubility of the cresols rendered their practical 
application as antiseptics difficult, but it has now been 
found that they ettn be emulsified with various fats and 
soaps, and in this form many cresol preparations of vary- 
ing purity, prepared from coal tar, are employed in anti**’ 
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septic surgery, such as lysioU creolin, solveol^ solutol^ and 

Liebreich’s tricresoL 

By further replacement of the hydrogen atoms in benzene 
by hydroxyl both the antiseptic and the poisonous pro- 
perties are increased. The extent of the change again 
depends upon the relative position of the substituents. Of 
the dihydroxy-benzenes, catechol is nearly twice as toxic 
as quinol, whilst resorcinol is far less poisonous; of the 
trihydroxy-compounds, pyrogallol is twenty times more 
poisonous *than its isomer phloroglucinol, and slightly 
more so than catechol. 

The halogen derivatives of the phenols are more power- 
ful antiseptics and are less poisonous than the phenols 
themselves; of the mono-chlorphenols, the para-compound 
has the greatest antiseptic effect. From these examples 
of the physiological action of the position-isomers in the 
aromatic group it is clear that it bears no general relation 
to the orientation of such compounds; the maximum 
antiseptic action, for': instance, occurs with the ortho- 
dihydroxybenzene, wfib meta-cresol, and with para- 
chlorphenol: — 


OH OH OH 



Cl 


Ortho-dihydroxybenzene Meta>cresol. Para-chlorphenol. 

(Catechol). 

Iodoform and ‘ ‘ Iodoform substitutes. ” — Amongst aliphatic 
cpmpounds the introduction of halogens is chiefly asso- 
i*iated with an increase in their hypnotic properties, as 
already stated, but there are a few iodine derivatives of the 
aliphatic hydrocarbons which act as antiseptics, and of 
which Iodoform^ CHIg, is by far the most important. Owing 
chiefly to the marked and very penetrating smell of this 
valuable antiseptic, many attempts have been made to 
prepare odourless Iodoform substitutes''^ \ iodoform also 
has a further objectionable secondary effect inasmuch as 
it may at times be absorbed and give rise to toxic symp- 
toms. A few of the proposed substitutes are of interest^ 
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though none of them can be said to have replaced iodoform 
to an appreciable extent. 

Although the antiseptic power of aromatic compounds Is 
always increased by the introduction of one or more 
lialogen atoms into the ring, the halogen is in too stable 
combination with the hydrocarbon radical for such com- 
pounds to be of value as iodoform substitutes. For it *is 
recognised that the antiseptic action of iodoform is not a 
direct effect, but one that only becomes manifest in contact 
with tissues or tissue juices; hence, it is regarded as 
dependent upon the formation of decomposition products 
containing iodine, or upon the liberation of free iodine. 

Tetra-iodopyrrole, or lodol^ the iodine derivative of 
pyrrole, in which the four hydrogen atoms of the ring are 
replaced by the halogen,^ was the first iodoform substitute 
introduced ; it has no smell, but owing to the greater 
stability of the contained iodine its antiseptic effect is far less 
than that of iodoform.' Less stable iodine compounds are 
obtained from the benzenoid phenols by substituting the 
hydrogen of the hydroxyl group ;%hey are called “ iodo- 
compounds,” and are readily decomposed with liberation 
of iodine, whilst they retain the antiseptic properties both 
of the phenols and the halogen. Etirophen and Aristol^ 
the di-iodo derivatives of di-isobutylmethylphenol and of 
di-thymol respectively, are the best of this group of sub- 
stitutes. They are valuable both as antiseptics and as 
anti-syphilitics; they have no smell nor any toxic action, 
and their physiological effect is mainly to be attributed to 
the ease with which the contained iodine is liberated. 
The following formulas illustrate the structure of these 
“ iodoform substitutes — 


HC — CH 


HC CH 

\/ 

NH 


Pyrrole. 

QHs.OH. 

Phenol. 


IC — Cl 

I I 

IC Cl 


\/ 


NH 


TetrA-iodopyrroIe (lodol). 

c«H5.oi. 

lodo- phenol. 


^ Cf. Chap. XV, p. 403. 
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^OH. 

Isobutylmethylphenol. 


/CaH, 

C«H3(CH3 

>OH 

Thymol. 


CH3-XH3-C3H3<^CH3 

10/ \oi. 

Di-iodo-isobutylmethylphenol 

(ICurophcn). 


10 ^01 

Di-iodo-dithymol (Aristol). 


Other halog^en antiseptics, less toxic than the phenols, 
have been prepared from the consideration that the latter 
are eliminated from the system, chiefly in combination with 
sulphuric acid, as ethereal salts. ^ Phenol, for instance, 
forms phenylsulphuric ester, a small portion only being 
oxidised, chiefly to the dihydroxy-benzenes, catechol and 
quinol. The more stable sulphonic acids of the phenols 
are, like the closely related sulphates, both readily soluble 
and not poisonous; ^hey pass through the system un- 
changed and hence serve as a useful starting point for the 
preparation of antiseptics from exactly those considerations 
which have been taken advantage of in the preparation of 
antipyretics derived from aminophenol. Their antiseptic 
power is less than that of the phenols, but by the substi- 
tution of hydrogen atoms by iodine or other halogens, this 
property is increased, whilst owing to the presence of the 
sulphonic acid group they are far less toxic than the simple 
halogen derivatives. Sozoiodol is the name given to one of 
.the chief antiseptics of this group. It is para-phenol 
sulphonic acid, in which two hydrogen atoms are replaced 
hy iodine ; like all sulphonic acids it forms readily soluble 
&alts with the alkalis. 


• /OH (I) 

c«h/ 

\S0j,0H. (4) 


/OH (,) 
r H (2) 

^SOjjONa. (4) 


I’ata-phenol sulphonic acid. t)i-ioclophcnol sodium sulphonate 

(Sodium sozoiodol). 

The mercury and zinc salts of sozoiodol, both of which are 


1 Cf. p. 453. 
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insoluble, have proved of considerable value as antiseptics, 
but their action is largely dependent upon the contained 

metal. 

Salicylic acid^ Salol and the “ Salol principle — A further 
group of antiseptics, with which other important physio- 
logical properties are associated, are derived from the 
aromatic acids. The introduction of the carboxyl group, 
as stated, decreases the toxicity of benzenoid compounds ; 
benzoic acid is far less poisonous than benzene anti the 
hydroxy-benzoic acids less poisonous than phenol. Of 
the three isomeric acids derived from phenol, the meta- 
and para-compounds have practically no physiological 
action ; ortho-hydroxy-benzoic acid or Salicylic acidy on the 
other hand, whilst less toxic than phenol, is both an anti- 
septic and an antipyretic. The chief therapeutic use of 
salicylic acid, however, is due to its specific action against 
rheumatism; it is usually employed in the form of its 
soluble sodium salt. But the value of salicylic acid and its 
salts for this purpose is seriously diminished by the dis- 
turbance of the digestive functions which they may 
occasion; it was with the object of overcoming this 
objectionable secondary effect that Nencki (1886) was led 
to the preparation of Saloly and thereby to the introduc- 
tion of an important fundamental principle in pharmaco- 
therapeutics. 

This salol principlcy as it is generally called, consists in 
the administration of physiologically active compounds, 
such as salicylic acid, in the form of ethereal salts ; such 
compounds, as already stated,^ pass through the stomach 
unchanged, being stable towards the acid of the gastric 
iuice, but on reaching the duodenum the contained ferments, 
aided by the alkalinity of the pancreatic juice, decompose^ 
them into their constituents. Salol is the phenylester of 
salicylic acid and its decomposition in the pancreas may be 
represented by the equation : — ' 

/OH 

2CflH4< + NaoCOg + Ufi 

^COOCeHs 

Phenyl salicylate * 

(Salol). 


’ Cf. antey p. 455. 
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- 2CoHX + 2CeH50H + CO,. 

"COONa 

Sodium salicylate. Phenol. 


Salol is, therefore, a chemical combination of two physio- 
lifgically active compounds, which are regenerated by a 
definite function of the system ; herein lies the value of 
Nencki’sj principle. 

The decomposition of salol proceeds gradually, and the 
sodium salicylate, as liberated, is absorbed by the system ; 
its anti-rheumatic Effect should thus obtained without 
any risk of disturbing the digestive functions. The phenol, 
similarly carried through the stomach in an inactive state, 
is set free just where it is valuable as an intestinal 
antiseptic, whilst owing to the gradual character of the 
decomposition its absorption by the system is less likely to 
give rise to poisonous effects than when administered 
directly. Salol has, as the result of extended experience, 
proved useful in both directions. 

Another type of salicylic acid derivative is illustrated in 
Aspirin^ a compound in which the hydrogen of the hydroxyl 
group is replaced by the acetyl radical. It retains the 
specific action of sodium salicylate against rheumatism, 
and has less irritant action. 


yO.COCHg 

Acetyl-salicylic acid (Aspirin). 

x:ooH 

Very many similar derivatives have been prepared for 
yse in medicine ; it is^ easy to effect such combinations 
between a physiologically active phenol and an inactive 
acid, or the reverse, or to combine two physiologically 
active compounds, as in the case of salol. 

GuazacoL — Guaiacol carbonate is an example of the first 
of these methods of combination. Guaiacol is the methyl 
ether of the dihydroxy-benzene, catechol, which is both 
more poisonous and a better antis^tic than phenol ; 
guaiacol is less toxic than catechol, a physiological change 
that is characteristic of the replacement of the hydrogen 
of the hydroxyl group of a phenol by an alkyl radical. 
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yOH (.) 

‘ \OH. (2) 
Catechol. 




OH 

OCHg. 


Guaiacol. 


Sahli (1887) was the first to recognise that the value of 
creosote in phthisis was due to^ the contained guaiacol, 
and the latter is now largely usecl in the treatment of this 
disease. It has, however, an irritant action on the 
digestive functions, and with the object of overt^oming this, 
ethereal salts, such as the carbonate, have been prepared 
for therapeutic use^ Like said, this carbonate passes 
through a healthy s^bntach finchaoged, and is subsequently 
decomposed into physiologically active guaiacol and 
innocuous carbonic acid : — 


/O.CoH^.OCHj 

CO< + Na^CO., + 2H,0 

Guaiacol carbonate. 


/OH 

^OCH.5 

Guaiacol. 


+ 2 NaHC 03 . 


The salol principle has also been successfully applied to the 
preparation of tannic aj^d derivatives, and of bismuth 
compounds; the former Ibr use as astringents, the latter 
as intestinal antiseptics. 

Whilst the chemical combination of physiologically activ.i 
compounds, which are subsequently regenerated, has 
proved a most valuable therapeutic discovery, such 
Combination is not always reliable in respect to the 
physiological . action .of the new compound. Glycerol 
nitrate (nitroglycerine) and tri-acetyl glycerol, for iri- 
stance, both of which, as ethereal salts, are decomposed, 
similarly to s|dol, in the duodenum, have specific actions 
which are n<s% shared by their constituents. Small doses 
of glycerol nitrate ^ dilate the blood vessels, whilst tri- 
acetyl glycerol acts as a narcotic, and is distinctly 
poisonous, although neither glycerol nor acetic acid are 
toxiCa Hence, in &e preparation of compounds of this type 
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for therapeutic purposes, any specific physiological action 
they may possess must be carefully weighed and located. 

Very many attempts have moreover been made to 
impart added therapeutic value to drugs by the combination 
of two physiologically active compounds, with the object 
of obtaining a resultant effect, either jrdditivc or the reverse. 
Tills method is in itself unscientific and haphazard. The 
specific physiological action of a compound is to be attri- 
buted to the presence of one or more groups, in association 
with a cfctiifite molecular structure, as already pointed out, 
and when two such compounds are combined chemically 
their resultant effect is, at most, the equivalent of that of a 
mixture of the two, whilst in many eftses, owing to the 
elimination of certain' radicals by the combination or to 
a change in physical properties, especially solubility, it is 
by no means the algebraic sum of the effects of the 
components. Chloral-hypnone, for example, a combination 
of the two narcotics, chloral and hypnone (acetophenone), 
has no narcotic action at all; iodot^antipyrine, wdiich was 
prepared with the idea of obtaining a less toxic febrifuge 
than antipyrine, differs only in degree, but not in kind, from 
a mixture of antipyrine and iodine in respect to its 
physiological effect, and this difference in degree is entirely 
due to its being difficultly soluble and consequently 
sparingly absorbed by the systen^. With the object of 
decreasing the toxicity of phenetidine, para-ethoxy-amino- 
benzene, and also of i#icreasing insolubility, certain com- 
binations of this base with citric^bid have been prepared; 
of these compounds some arc decomposed by the acid of 
the .stomach with the liberattQin4^.of phenetidine, whilst 
others are so stable that they pass unchanged through 
thp system, so that the antagonistic therapeutic effect 
ejJpected has in no way been realised. 

• 4. OTHER SYNTHETICALLY PREPARED DRUCI&. 

Of the synthetical drugs not comprised ji|i the three 
groups dealt with above, solvents for uric acto^; purgatives 
and the sweetening compound, .saccharine, are amongst the 
most important. * 

Solvents for Uric Acid , — Attempts have been made in 
two directions to combat the separation of uric acid which 

3t 
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accumulates In the system in gout and allied complaints. 
On the one hand it has been sought to decrease the 
formation of the acid and on the other to aid its elimina- 
tion. The preparation ot compounds with the former 
object in view, such as diphenyl tartrate and salts of 
quihic acid, has so far not been successful ; the physiological 
requirements that must determine the selection or prepara- 
tion of compounds to effect a decrease in the formation of 
uric acid are not yet known with sufficient accuracy. 

The second method of attacking the problem, the 
preparation of uric acid solvents, has consisted in the 
application of iion-toxic bases which form soluble salts 
with uric msid and thus should prevent its deposition in a 
similar manner to the treafifneiit with salts of lithium, but 
with this in their favour, thstt they would beTrcc from the 
injuriou-s narcotic effects that may occur with the latter. 
Certain basic cyclic compounds of a somewhat complex 
character fulfil the necessary conditions outside the body ; 
of these pipermiiie (the hexahydride of pyrazine^), and 
lystdine are the most impprtant, both of which are hetero- 
cyclic substances contairfng two atoms of nitrogen, as 
shown id the following formulas ; — 


HN< >NH 

^ch^-ch/ 

Pyrazinc hexahydride 
(Piperazine.) 


CIT0--NH. 

I ‘ >C.CH3 
CH, 

M"ethyldihydroglyoxaline 

(Lysidine). 


The necessity of recognising that the action of drugs 
within the sy.stem and without are two very different 
phenomena has been brought home most forcibly Un 
connection with those uric acid solvents. Both lysidine 
and pip^|kzi(te urate are much more soluble in water than 
lithium urate, but this advantageous solubility in vitro 
does not of necessity come into play in the system. 
Modern in\^fefetigations on the nature and conditions of 
solution have throwm much light on resorption, secretion, 
the action of diuretics and other fundamental ’physiological 


' Cf. Chap. XV. p. 408. 
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effects^ ; in respect to uric acid solvents they have also 
indicated new and important points of view. The solubility 
of a salt depends not only on its solubility in water or 
other pure solvent, but also upon the presence of other 
salts in the solution. The presence of a second salt, 
having^ a common constituent with the first, decrea^ses the 
.s<^lubility of the latter ; acid sodium urate, for instance, is 
nearly ten times less soluble in a salt solution containing 
seven grams of sodium chloride to the litre than in pure 
water. ' Otiier sodium salts cause a similar decreased 
solubility. Hence, the idea that the deposition of ui ic acid in 
the body can be prevented by the administration of large 
doses of sodium bicarbonate, owing to the formation of the 
more soluble, normal sodium urate is incorrect, ^nd similarly, 
the hope to form soluble uric acid salts, by double decom- 
position of acid sodium urate with lithium salts, lysidine 
or piperazine, is based on a false view of the conditions of 
solution that obtain in the system. 

The favourable action that lysidine and piperazine are 
said to possess requires an explanation other than that 
based on the solubility of their urates ; it is possibly 
accounted for by their diurectic effect, the increased 
dilution of the urine being accompanied by an increase in 
the quantity of uric acid eliminated. 

Purgatives. — The study of the chemical composition of 
vegetable purgatives such as rhubarb, senna, and aloes 
has shown that these products are glucoside derivatives of 
anthraquinone or are readily converted into closely allied 
derivatives of anthracene. This fact has led to the in- 
vestigation of the purgative properties of anthraquinone 
derivatives. Many compounds of this group act as 
aperients, and their effect increases with the number of 
hydroxyl groups present in the molecule. The di-acetyl 
derivative of anthrapurpurin, a compound closely allied to 
alizarin,^ but containing an additional hydroxyl group, is 
regarded as the most reliable of these compounds in its 

* Cf, Physical Chemistry for Physicians and BiologistSy E- Cohen ; trans. 
by M. II. Fischer, 1903. 

Physical Chemistry in the Service of the Sciences, J. IJ. van’t Hoff; 
irans. by A, Smith, 1904 ; I^ectures VI, and VIIL* 

Physical Chemistry in the Service of Medicine, W. Pauli ; Irans. by 
M. II. Fischer, 1907. 

® Cf Chap. XV. p. 428. ^ 
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action. It ha.s the following formula, and has been 
introduced into medicine with some success under the 
name of “ purg-atin ” : - 

(£io)c„h/ >C6H2(oh).. 

Antlirapurj^urin. 

A better synthetical purgative has recently bden recog- 
nised in the well-known indicator phenolphthalein. The 
discovery oF its value as an aperient is due to its having 
been employed to ear-mark, for administrative purposes, a 
certain kind of wine in Austria-Hungary, the addition of 
a smalL proportion allowing of the ready recognition of 
the wine by the characteristic, purple-rcd coloration pro- 
duced on the addition of alkali. Although pharmaco- 
logical experiments had previously shown that doses of 
phenolphthalein up to one gram per kilo body-weigdit had 
no effect upon animals, the consumption of the ear-marked 
wine soon showed that it had a purgative action on man, 
and further experiments have proved it to be a useful 
aperient both for children and adults. Phenolphthalein is 
very slightly soluble iu water, but it dissolves readily in 
alkalis to form salts ; it appears to have very little effect 
In the stomach, but on reaching the intestines it is con- 
verted by the alkali present into the readily soluble sodium 
salt to which the purgative effect is most likely due. There 
is little chemical analogy between anthrapurpurin and 
phenolphthalein beyond the fact that both contain hydroxyl 
groups, and both are closely related to organic dyes, th'e 
former to alizarin, the latter to the eosins. Phenolphthalein 
is a derivative of triphenylmethanc, containing two hydroxyl 
and one carboxyl group, the latter being present in the 
form of an anhydride ^ ; it has been introduced in)to 
medicine as “ purgen ” : — 

C( QH^.OH 

, I ^c^4.coo 

Phenolphthalein (Purgen). 

^ CJ^ Chap. XV. p. 422. 
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From a chemical standpoint the vei^fetable purj^atives 
are amongst the most impure substances employed in 
medicine, and their substitution by synthelically prepared 
compounds is likely to lead to important practical results. 

The relation between Taste and Chemical Structure,^ -~- 
No relations of a very definite character have as yet been 
established between the taste and the chemical structure 
of organic compounds, and the discovery of substances 
having a sweet taste, such as saccharine and dulcin, has 
been quite accidental. 

In the aliphatic group, an increase in the number of 
hydroxyl radicals is soften accompanied by an increased 
sweetness in taste, as is shown by a comparison of alcohol, 
glycol, glycerol, and mannitol; the two last are distinctly 
sweet, whilst glycol is only slightly so and alcohol not at 
all. The sugars, such as grape sugar, are sweeter than 
the corresponding alcohols, so that an added sweetness 
occurs by the replacement of an alcohol by an aldehyde 
group ; but this relation is by no means general, for in the 
di-hexose group, ^ cane sugar, which’ does not contain an 
aldehyde group, is sweeter than its isomers, maltose and 
lactose, which do. Derivatives of the sugars in which the 
hydrogen atoms of the hydroxyl groups are replaced by 
either acetyl or benzoyl radicals have either a neutral or a 
bitter taste, whilst those glucosides which are compounds 
of sugars with hydroxylic compounds, such as amygdalin 
and the tannins, are characteristically bitter. 

In the aromatic group, the symmetry of the hydroxyl 
derivatives appears to be a determining factor in regard to 
^heir taste; thus, quinol and phloroglucinol arc sweet, 
whilst the less symmetrical compounds, catechol and 
pyrogallol, are bitter. 


OH 



Quinol. 


OH 


HO 



OH. 


Phloroglucinol. 



Catecht'M. 


OH 



Pyrogallol. 


* CJ\ W. Sternberg, Ckruch uttd Ceuhmacky 1906. 
- Cf. Chap. xiii. p. 350. 
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Also, the substitution of an alkyl by an aryl radical 
causes a marked cliangfe in taste in several instances; 
dihydroxy-propane, for example, is sweet, whilst the 
corresponding phenyl compound (phenyl glycol) is bitter. 

CH,.CHOH.CH,,OH. CfiHj.CHOH.CHaOII. 

Dihydroxy-propane. Phenyl glycol. 

The amino-acids offer some interesting in.^tances of a 
relation between taste and structure, as the presence of 
the two substituting groups appears to condition the 
property of taste, according to their relative position. 
Doth amongst aliphatic and benzenoid compounds a sweet 
ta.stc is most marked in those substances in which the two 
radicals, NHg and COOH, are near to each other. Thus, 
amino-acetic acid (glycocoll) and a-amino-^-hydroxy-butyric 
acid are sweet, whilst a-hydroxy-/Q-amino-butyric acid, in 
which the amino- and carboxyl-groups are separated by 
an intervening carbon atom, is not. 


CHa.NH., 


CHOH.CH.^ 


CHNHo.CH, 


COOH. 


^COOH. 


^COOH. 


Amino-acplic acid. a-Amino- j8-hydroxy- a-Hydroxy- j^-amino- 

butyric acid. butyric acid. 


Similarly, ortho-aminobenzoic acid (anthranilic-acid) (s 
sweet, but the para-compound is tasteless; on the other 
hand, salicylamide, which is an ortho-compound * is taste- 
less, whilst the corresponding meta-compound is bitter. 


coon COOH CONHg CONHg 



1 :2 Amino- l :4 Amino- Salicylamide. i :3 Hydroxy- 
benzoic acid. benzoic acid. benzamide. 



PIIYSIOr.OGICALLY ACTIVE ORGANIC COMPOUNnS. 48; 

Saccharine^ which is some 400 times sweeter than cane 
is an amide derivative, bo\n^ tlve anhydride of the 
amide of ortho-siilphobcnzoic acid ; the free aciO (benzoic 


lulphamidc) is not sweet. 


/COOH 

CaH/ 

\SO3NH,. 

x.o ^ 

QH.C )NH. 

'SO/ 

I li^nzoic sulphainidc*. 

Saccharine, 


Saccharine possesses none of the physiological or 
preservative prc»perties of sugar, and its medicinal value 
lies^ solely in its use as a sugar-substitute for diabetic 
patients; it passes unchanged through the body. The 
corresponding para-compound is not sweet, and ethyl- 
saccharine, in which the hydrogen of the imido-group, NH, 
is replaced by ethyl, is also tasteless. 

Dulcin is in no way related to saccharine in its chemical 
structure, but is allied to the aminophcnol group of 
antipyretics, being the urea or carbamide of para-ethoxy- 
benzenc or phenrtole. It is from 200 to 250 times 
sweeter than sugar, and like saccharine, is of no value as a 
food. The taste of dulcin is associated with the presence 
of the ethyl radical, for the corresponding methyl compound 
is not sweet. 


C«H 


yOC,H, 

^^NH.CONH, 


/OCH3 

c«h/ 

^NH.CONH... 


1 :4 Ethoxyphcnyl urea. 1 14 Methoxy phenyl urea. 

(Dulcin). 


• The symmetry of the molecule also appears to be related 
to the taste of such urea derivatives. The unsymmetrical 
dimethylurea, for instance, Is sweet, whilst the symmetrical 
compound is tasteless, and a symmetrical analogue of 
dulcin , di-para-ethoxy phenyl urea is also tasteless. I n these 
cases the eficct of molecular symmetry is, therefore, in an 
opposite direction to that with the hydroxy-derivatives of 
benzene. 
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/N(CH„)> ■ 

co< 

■ ''Nil., 

Unsymnieliicril flinictliyhire.i. 


.NHCH, 

(:o< 

\nh(:h., 

Symnjolriral dimelhyhirea. 


CO 




NH,. 

Dulciii. 


Di-iuta-etl>oxyi>l)cnyl urea. 


The physiological action of many other groups of organic 
compounds including nitriles, nitrates, and purine com- 
pounds have been carefully studied. From a chemical 
standpoint the results arc of a similar character to those 
detailed above. 

Whilst it must be recognised that modern competitive 
conditions have led to an excessive supply of these new 
drugs, which has been detrimental to the interests of 
pharmaco-therapeutics, their preparation and the study of 
the relation of the structure of compounds to their physio- 
logical effect marks an important epoch in the services of 
organic chemistry. 
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Hydrazoic acid, derivatives of, 200 
Hydrazones, 261, 332 
Hydrobenzenes, 71, 77 
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Hydrocyanic acid, 191 

alkyl derivatives of, 193 
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— historical development oftirganic 

cheniiblry, 3 
- homologous ^Scries, 33 

— tetrahedron symbol for carlwm 

atom, 284 

— valency, 20 
Kerosene, 103 

“ Keto "-compounds, 363 
Ketone grotip, 129 
Ketones, 132, 260 

— physiological acuon of, 465 
Kctonic decomposition of ethyl- 

ace toacetatc, 180 
Ketoses, 328 
Kiliani — sugars, 328, 336 
Kipping — optically active silicon 
compounds, 317 

— resolution of racemic combina- 
tions, 295 ^ 

Knorr — antipyrine, 450 

— dynamic isomerism, 364, 365, 

391 


! Kolbc — synthesis of organic com- 
pounds, 7 

Kopp — relation of boiling point to 
structure, 90 

— relation of physical proj)ertics 

and chemical structure, 380 
Korner — nomenclature of benzene 
derivatives, 68 ^ 

— -- orientation of bei'./cne deriva- 

tives, 79 

Laak —taulomcrism, *363,' 372 
Lal>oraloiy methods oi organic 
chemibliy, 230 
Lactic acid, 13S 

asymmetric synthesis of, 302 

stereochemistry of, 282, 2S7, 

296 

T^actones, 157 
fyactophenine, 459 
I^icloso, 350 

Ladenburg — benzene theory, 66 

— conine, synthesis of, 296, 409 

— ethylacetoacetalc, 186 
Lcevo-rotatory compounds, 28 1 

— tartaric acid, 2S9 

Lavoisier — historical development 
of organic chemistry, 2, 5 

— nitrogen compounds, 189 

Le Bel — optically active nitrogen 
compounds, 323 

— stereochemistry, 282 

— still-head, 96 

Lemery — “ Cours de Chymic," 4 
Leucine, 227 
Leuco- bases, 420 

Lewkowitsch— origin of petroleum, 

3'6.^ . 

— saponification, 172 

Liebig— -benzene compounds, no , 

— condenser, 86 

— historical development of organic 

chemistry, i , 

— Radical theory, 14 

— uric acid derivatives, 220 
Liebreich — chloral hydrate, physio- 
logical action of, 4C3 

— tricresol, 475 
Light oils. III 

Lignite — composition of, 108 
Linking of atoms, 22 

— law of the, 26 
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Local an£estheticS| 472 
Locw— synthesis*of sugars,, 334 
Lowmann — ethylacetoacetate, 187 
Lowry — dynamic isomerism, 364, 

36s, 389. 394 


Lyddite, 199 

Lysidine, 482 
tysol, 475 


McKbndr'ICK — physiological 
action of reduced heterocyclic 
compounds, 448 

McKenzie — asymmetric synthesis, 
3 PU 358 

Macmillan — optical activity and 
dynamic isomerism, 390 
Madder dye, 427 

Magnesium, organic compounds of, 
252 

Magnetic rotation, 384 
Malachite green, 421 
Maleic acid, 150 

selective absorption of light by, 

391 

stereochemistry of, 306 

Malonyl urea, 220, 224 
Maltose (Malt sugar), 350 
Manchot-— ^autoxidation, 136 
Mannitol, 336 
Mannose, 336 

— action of ferments on, 345 
Marchlewski — synthesis of cane 
sugar. 352 

Marckwald — asymmetric synthesis, 

358 

^ Marsh gas (Methane), 41 
* Mass action, 163 
Jldedicus — uric acid, 221 
Melibiose, 352 
Melinite, 199 

Melting point of organic com- 
pounds, 82 

relation of to structure, 83 

Mendeleeff—origin of petroleum, 
io6‘ 

Meiing, von — veronal, 468 
Meso-tartaric acid, 281 

stereochemistry of, 290 

Mesoxalyl urea, 220 
Metabolic changes, general chemical 
character of, 451 


“ Meta ’’-compounds, 67 
Metallic compounds, synthetical 
applications of, 250 
Meta-orienting groups, 2x5 
Methacetinc, 458 
Methane, 32, 41 

— preparation of from-^sinc methyl, 

251 

— spatial representation of, 285 

— symmetry of, 24 
Methyl-acetanilidc, 457 

Methyl acetate, electrolytic syn- 
thesis of, 272 

Methyl-acetylacetone, magnetic 
rotation of, 386 • 

Methyl acrylic acids, T49 
Methyl alcohol, 108 
Methylamine, 200, 258 
Methyl chloride, 27 

ancesthetic action of, 461 

Methyl cyanide, 193 

tautomerism of, 363, 377 

Methyl isocyanide, 194 

■ tautomerism of, 363, 377 

Methylene dichloride, aniesthetic 
action of, 461 

Methylene diethyl sulphone, 467 
Methyl-ethylacetoacetnte, 182 
Methyl-ethyl acetone, 182 
Methyl-ethyl-malonyl urea, 470 
Methyl group, 27 
Methyl-propyl-maloliyi urea, 471 
Methyl-quinolines, 431 
Meulen, ter— indigo, 435 
Meyer, V. — steric hindrance, 158 

— stereochemistry, 278 

— thiophene, 403 

Migration of hydrogen atom, 360, 
368 

Milk sugar. See Maltose 
Mitscherlich — nitrobenzene, 190 

— tartaric acids, 278 
Moissan— metallic carbides, 51, iq6 
Moisture, influence of, on chemical 

change, 139 

Molecular concentration, 165 
Molecular formulse, 13 
Molecular rearrangements, 44, 46, 

78. i 3 St 274 ^ 

Molecular, weight, determination 
of, 14 

Mono-ethyl-malonyl urds, 470 

32 
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Morns— natural synthesis of sugars, 

, 354 

Muta*rotation, 346, 387 

Naphtha, 103 
Naphthalene, 413, 423 
Naphtfeol, 425 
Narcotics, 460 

Natural synthesis of carbohydrates, 
X 353 

Nef— autoxidation, 136 

— symmetry of methane, 25 
Nencki — Salol principle,” 479 
Nickel, reductions with the aid of, 

H4, 1 16 

Nietzk'i — triphenylmethane dyes, 

417 

Nitraniline, 267 

Nitrates, organic (Nitric esters), 195 
Nitric esters, 195 
Nitriles, 132, 193 

Nitrobenzaldehyde — physiological 
action of, 455 
Nitrobenzene, 190, 194 

— heat of formation of, 198 

— preparation of, 266 
Nitrocamphor, dynamic isomerism 

— muta^rotation of, 389 
Nitro-compounds, 194 
Nitroethane, 197 

— dynamic ln^erism of, 369 
Nitrogen, de^alives of the hydro- 
carbons containing, 189 

Nitrogen, stereochemistry of, 318 
Nitroglycerine, 195, 199 

— heat of formation of, 198 

— physiological action of, 480 
NitTophenor,i96 
Nitrotoluene (meta), 207 
Noelting— emi^irical laws of sub- 
stitution in benzenoid com- 
pounds, 215 

Open -CHAIN compounds, 34 
Optical activity, 279, 388 
in relation to dynamic isomer- 
ism, 390 

of nitrogen compounds, 322 

of petroleum, 107, 316 

of silicon, tin, sulphur, and 

sefei^m compounds, 316 


Orientation of aromatic compounds, 

78 

“ Ortho ” compounds, 67 
Ortho-para orienting groups, 215 
Osazones, 332 

Oscillation formula for benzene — 
Kekuld, 73, 396 
Osones, 333 

Osswald— triphenylmethane dyes, 
420 

Ostwald — determination of mole- 
cular weight, 14*^ 

Oxalyl urea, 220 

Oxidation of organic compounds, 
262 

Oxide formula of sugars, 347 
Oximes, 261 

— stereochemistry of, 318 
Oxonium compounds, 203, 253 
Ozokerite, 107 


** Para ” compounds, 67 
Parabanic acid, 220 
Paraffin industry, 107 
Paraffin series of hydrocarbons, 41 
Paraldehyde, physiological action 
of, 462 

Para-rosaniline, 417 
Paraxanthine, 219 
Pasteur — natural synthesis of opti- 
cally active compounds, 357 

— resolution of racemic combina- 

tions, 294 

— stereochemistry, 279 
Paternb— tetrahedron symbol for 

carbon atom, 284 

Patterson — optical activity and dy- ^ 
namic isomerism, 390 
Peachey — optically active coni‘ 
pounds of tin, 316 
P^an dc St. Gilles— Mass action, 
164 

Peat — composition of, 108 
Pechmann, von— azomethylene, 213 
Penicillium glaucum, action of on 
ammonium racemate, 297 
Pentamethylene, 63, 314 
Pentane lamp-^ standard of light, 
104 

Pentoses, 330 

— conversion to furfurol, 403 
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Perkin, Sir W. H.-*amline colours, 

. 

— mdigo, 437 

— magnetic rotation, 385 

— rosaniline colours, 410 
Perkin, W. H.— -dipentene, 120 
Petroleum, 103 

r origin of, 106, 316 
Pfeffer — determination of molecular 
weight, 14 
Phenacetinc, 458 
Phenocoll; 460 
Phenol, 147 

— physiological action of, 453, 474 

— preparation of from coa\tar, 112 

— reduction of, 268 
PhenolphthaleYn, 422 

— as purgative, 4^ 

Phenyl azoimide, . 

Phenyl diazonium chloride, 212 
Phenyl dimethyl ito-pyrazolon (An* 

tipyrine), 4071 45 ° 

Phenyl glycol, 486 
Phenyl hydrazine, 204, 21 1 

actidn of on aldehydes and 

ketones, 261 

— — action of on aldoses and 
•ketoses, 331 

action of on ethylacetoacetate, 

407 

Phenylnitromethane, dynamic iso- 
merism of, 369, 393 
Phenyl sulphuric ester— metabolic 
formation of, 453 

Pbloroglucinol, dynamic isomerism 
of, 398 

— synthesis of, 177 

— taste of, 485 

— toxicity of, 475 
•Phosphonium bases, 203 
Phosphorus chlorides, use of in the 

preparation of acid chlorides, 

^ 243 

Phosphorus pentachloride, reactions 
of with alcohols, aldehydes, 
ketones and acids, 133 

— use of in the preparation of acid 

chlorides, 243 

Phthalic add (meta), application of 
to the determination of the 
orientation of meta*nitro- 
toluene^ 208 


Physical properties, relation of to 
structure, 380 

Physiologically active compounds, 
441 

Picoline, use of in the synthesis of 
conine, 41 1 
Picolinic acid, 410 
Picric acid, 195 

— explosive properties of, 199 

— heat of formation of, 198 
Pictet— resolution of optically in- 
active nicotine, 296 

Pinenc, 120 

Piperazine, physiological action of, 

Piperidine, 409 * 

Piperine, 409 
Piperonal, 123 

Plant cells, building up of carbo- 
hydrates in, 353 
Poisons, catalytic, ii 3 
Polycyclic compounds, 400, 413 
Poly-hexoses, 353 

Polymerisation of acetylene and its 
homologues, 116 

Polymethylenes, stereochemical re- 
lations of, 312 

— synthesis of, 177 
Polypeptides, 226 

Pope — optically active compounds 
of nitrogen, 323 

— optically active compounds of 

tin, sulphur and selenium, 316 

— resolution of racemic combina- 

tions, 29s, 297 

Position of substituents, influence 
of on properties, 155 
Potential valencies, 75, 408, 426 
Preparation of organic compounds, 

233 

Priestley— natural synthesisof carbo- 
hydrates, 355 
Primary amines, 258 
Propane, structure of, 28 

— synthesis of from zinc ethyl and 

zinc methyl, 251, 252 
Froponal, 472 
Propylene, 45 

jS-Propyl^e alcohol, isomeric 
change of, 360 
Propyl group, 29 

— — presence of in conine, 411 
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a-Pronyl pioeridine, 4»2 
ProteiDSt 226 
Pseudo-acids and bases, 394 
Pseudo^forms, 361 
Pseudo-uric acid, 224 
Purgalin, 484 
I^rgatives, 4S3 
Purgen, 484 
Purine, 222 

Pyramidal configuration of nitrogen 
atom, 324 
Pyramidon, 451 
Pyrazine, 408 
Pyridine, 408 
Pyrimidine ring, 178 
Pyrogallol, physiological action of, 

— taste of, 485 
Pyrrole, 402 


Quadri-molkcular reactions, 172 
Quinic acid, salts of, as solvents for 
uric acid, 482 
Quinine, 431, 446 
Quinol, 418 

— taste of, 485 

— toxicity of, 475 
Quinoline, 4J0 

— physiological action of, 447 
Quinone, 41 S 
Quinone-imide^ 418 
Quinonoid structure of dyes, 418 


Racemic acid, stereochemistry of, 
279. 289, 292, 307 
Racemic combinations, 294 
Radical theory, 14 
Radicals, compound, 2, 16 
Raoult — determination of molecular 
weights, 14 

Reduction of organic compounds, 
265 

Refraction constant, relation of, to 
structure, 381 

Resolution of racemic combinations, 

294 

Resorcinol, toxicity of, 47^ 
Reversed ” sulphonal, 466 
Reversible isomeric change, 364 
Reversible reactions, 163 


Rosolic acid, 109 

Rotschy — resolution of optically in- 
active nicotine, 296 
Ruberythric acid, 427 
Ruff— synthesis of sugars, 339 


Sabatier and Senderons — origin of 
petroleum, 117 

— synthesis of methane, 114 

Saccharic acid, 338 
Saccharine, 487 • * ~ 

Saccharose (Cane sugar), 350 
Sahli — guaiacot, physiological action 

of, 480 

Salicylic acid, physiological action 
off 4S4i 478 

salts of, 152 

Salicyluric acid, 454 
Salol, 47S 

Sandmeyer — synthesis of indigo, 

438 

Sandmeyer’s reaction, 207 
Saponification, 168 
Saturated compounds, 34 

— cyclic compounds, 61 
Schade— catalysis, 117 

Scheele — historical development of 
organic chemistry, 4, 6 
Schestakow — hydrazine, 203 
Schiel— homologous scries, 33 
Schtniedeberg — urethane, 464 
Schonbein — autoxidation, 136, T40 
Schorlemmer — definition of organic 
chemistry, 1 1 ' 

— proof of the identity of dimethyl 

and ethyl hydride, 28 
Schramm — influence of " light on 
chlorination, 128 

Schunck — indigo, 435 « 

Scope of modern organic chemistry, 

3 

Secondary amines, 258 « 

Selective absorption of light, 390 
Selenium, optically active com- 
pounds of, 318 
Series, homologous, 32, 33 
Shimose, 199 ^ 

Silicon, optically active compounds 
of, 316 

Silicon carbide (Carborundum), 52 
Silver acetylide, 48, 198 
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Silver diasotate, 21 2 

— oxalate, 53 

Skraup — ^geometrical isomerism of 
fumaric and maleic acids, 310 
Slimmer — asymmetric synthesis, 

3?* 

Sodium acetamide, 201 

— acelylide, 48 

— clhylacetoacctatc, i8i, 182 

— ethylate, 143 

— ethyl malonate, 182 
Solubility, *rdaJlion of, to stuicture, 

394 

Solutol, 475 

Solvents, use of, in organic pre- 
parations, 238 ^ 

Solveol, 475 
Sorbose, 339 

Sources of hydrocarbons, 102 
Sozoiodol, 477 

Space formula: for benzene, 217 ' 
Spatial representation of carbon 
atom, 283 

of nitrogen atom, 325 

Stahl— historical development of 
organic chemistry, 4 
Steam distillation, 99 
Stereochemical isomerism, 2S6 
Stereochemistry, 278 

— of nitrogen, 318 

— of silicon, tin, sulphur, and 

selenium, 316 

— of sugars, 339 

— of unsaturated compounds, 302 
Steric hindrance, 158, 315 
Still-heads, 95 

, Stohmann— heats of combustion of 
benzenoid compounds, 77 
Stokes — selective absorption of 
. . ultra-violet light, 391 
Structure of organic compounds, 12 
Substitution, empirical laws of,, in 
, benzenoid compounds, 214 
Substitution products, 35 

of benzene, 66 

Substitution theory, 42 
Succinic acid, 83 

spatial representation of, 304 

— — synthesis of, 114 
Succinic anhydride, 157 

spatial representation of, 304 

Sugars, 326 


Sulphonal, 465 
Sulphonium bases, 203 
Sulphur, optically active com- 
pounds of, 318 

“Syii** and “anti** compounds, 

321 

Synthesis of, alcohol— Hennell, 6 

— aromatic compounds from 

aliphatic, 115 

— heterocyclic compounds, 404 

— indigo, 436 

— optically active compounds, 298 

— organic compounds, 7, 8 

— physiologically active com- 

pounds, 441 

— sugars, 334 

Synthetical applications of esters, 

175 

01 hydrocarbons, 113 


Tagatose, 339 
Talose, 339» 345 
Tartaric acid, 153 

— — stereochemistry of, 279, 289, 

. r 

synthesis of, 114 

Taste and chemical structure, re- 
lation between, 485 
Tautomerism, 362 
Tension theory, 313 
Tcr-molecular reactions, 171 
Terpenes, 119 
Tertiary amines, 258 
Tertiary butyl alcohol, hypnotic 
action of, 461 

Tetra-acetylene dicarboxylic acid, 
53 

Tetrahedron symbol for carbon 
atom, 283 

Tctrahydroquinoline, 431 

— physiological action of, 448 
Tetra-iodopyrrole (lodol), 403 

— antiseptic action of, 476 
Tetramcthylammonium hydroxide, 

202 

Tetramethylene, 63, 313 
Tetrolic acid, 311 
Tetronal^ 466 
Tetroses, 330 
Thalline, 449 
Theobromine, 22c 
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Theophylline^ 220, 225 
Thermochemistry, 56 
Thiele--unsaturated valencies, 46 
Thierfelder — fermentation of sugars, 
344 

Thiocyanic acid, alternative formula 
for, 363 

Thiophene, 402 

Thiourea, dynamic isomerism of, 
375 

Thomas — still-head, 96 
Tin, optically active com|K)unds of, 
316 

Toluene, 69 

— oxidation of, 264 
Toluidiaes, 215 

“ Trans ’’‘Compounds, 307 
Transition temperature of racemic 
combinations, 295 
Traube— autoxidation, 136 
Triacetyl glycerol, physiological 
action of, 480 

Tribenxoyl methane, dynamic iso* 
merism of, 366 

Trichlorethyl alcohol, metabolic 
formation of, 453 
Tricresol, 475 
Trimethylamine, 202 
Trimethylene, 61, 314 

— dicarboxylic ester of, 177 , 
Trimethyl methane (Isobutane), 30 
Trinitro^nzene, heat of formation 

of, 198 

Trinitrophenol, 195 

— heat of formation of, 198 
Trional, 466 

Trioses, 330 
Triphenylamine, 200 
Triphenylcarbinol, 416 
Triphenylmethane, 415 
Triphenylmethyl, 36, 423 
Tropa-cocalne, 474 
Turpentine, 120 
Type theory, 14 


Unsaturatbd compounds, 34, 46, 

52 

geometrical isomerism of, 302 

thermochemical relations of, 

56 

Uramil, 224 


Urea, 202, 217 
— synthesis of, 6 
Ureides, 220 

Urethane, physiological action of, 
464 

Uric acid, 217 

solvents for, 481 

Urochloralic acid, 463 , 

Usher — natural synthesis of carbo- 
hydrates, 355 


Valency, 20 
Vanillin, 123 
Vaseline, 103 
Velocity constant, 166 
Velocity of reaction, 166 
Veronal, 178, 468 

Villiger— antoxidation, 136 
Vinyl alcohol, 360 
•'Vital force” distinction between 
organic and inorganic chem* 
istry, 6 


Waage— mass action, 164 
Walden — mutual transformation of 
optical isomers, 300 
Wegseheider — steric hindrance, 

159 

Weigel— condenser, 87 
Werner — stereochemistry of nitro* 
gen, 319 

Williamson — ethers, 131 
Type theory, 14, 17, 18 
Wislicenus, J* — geometrical iso- 
merism, 302, 308 

— stereochemistry of lactic acid, 

282 

Wislicenus, W. — geometrical iso« . 
merism, 364 

— methyl azoiroide, 204 

Wohl— synthesis of sugars, 339 « 

Wohler— benzene compound^ no 

— definition of organic chemistry, 

2,9 

— historical development of organic 

chemistry, i 

— Radical theory, 14 

— synthetical preparation of urea, 

6 

— uric addf 220 
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Wood— composition of, 108 
Wood spirit, zoS 
Wurtz— amines, 190 
— Type theory, 17 


Young— relation of boiling point 
to structure, 90 
— still-head, 96 


Xanthinb, 219, 222, 225 
Xylene, oxidation of, 264 


Zinc ethyl, 251 
Zinc methyl, 251 
Zinin— aniline, 190 
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